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ABSTRACT

Multi-joint leg extension power, a critical determinant of physical functioning, declines with age.
Exercise can slow this decline and is usually prescribed based on maximum power. Currently
available tests to assess maximum power can be unsafe for the elderly. This study assessed the
concurrent validity of leg extension power measured with a new leg press + IMU system
compared to that obtained using a squat jump on force plates. The load in each test equaled body
weight. Bland-Altman analysis demonstrated a significant systematic difference, with the squat
jump generating higher power in 21 young adults. The magnitude of difference was greater for
10 participants who used a countermovement in the squat test, which is known to increase power
output. The difference in power between the 2 systems was negligible after accounting for the

higher load created by additional weight of the legs in the leg press + IMU system.
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CHAPTER 1: INTRODUCTION
Canada is currently one of the top-ranked countries in the world in terms of average life
expectancy. According to a recent report by World Health Organisation, the average life
expectancy observed in Canada was 80.9 years for males and 84.7 years for females in the year
2018!. This increase in life expectancy is one of greatest achievements of society and health care
services, but preserving the independence and quality of life of the elderly during these years

remains a major clinical and public health challenge?.

Aging is typically accompanied by progressive limitation of functional independence and decline
in quality of life’. One of the major reasons for this decline is a progressive loss of skeletal
muscle mass and function, known as sarcopenia*>. This condition is characterised by the loss and
atrophy of muscle fibers, a decline in the number innervating motor neurons®, and a simultaneous
increase in proportion of fat and fibrous tissue in muscles’®. Sarcopenia has been addressed as a
critical condition of elderly people and a significant factor responsible for the development of
frailty”!°. It is also considered a potent predictor of a late-life disability!!. The changes in
skeletal muscle occurring with sarcopenia include the reduction in skeletal muscle strength and
power. The American College of Sports Medicine defines muscle strength as the ability of a
muscle to produce force during voluntary contraction against a resistance'2. In clinical settings, it
is usually quantified in terms of the one repetition maximum (1RM) described as the greatest
load that can be moved through full range of motion, with good form in a single attempt'?.
Strength is typically assessed in one of three modes, either isometrically, isotonically, or
isokinetically, using either concentric or eccentric muscle contractions. One way to assess
strength clinically is manual muscle testing (MMT). During MMT, the clinician applies active or

passive resistance to the body part being tested through the available range of motion'®. The



clinician determines the muscle strength as weak or normal based on several grading scales for
MMT; chief among them are the Medical Research Council'%, Kendall et al'®, and Daniels and
Worthingham'®. This commonly used testing requires experience and can be imprecise because
the grading of strength is dependent on the clinician’s perception'’. Tools to assess strength
include free weights, and hand-held!” and isokinetic dynamometers'®. Muscle power is the
product of the force applied by a person during the movement and the velocity of movement!®.
Assessment of power is complex because it requires measuring strength i.e., the force exerted
during the movement and the velocity at which the movement is being performed'’. This can be
done using research grade force plates® or field tests such as the vertical jump test?! or the stair
climbing power test??. Reduction in muscle power is thought to be affected by the age-related
change in skeletal muscle innervation. This includes the loss of fast motor neurons and
associated fibre-type grouping of the type II muscle fibres supplied by them, called motor unit
remodelling?®. The type Il muscle fibres are fast-twitch fibres, which are preferentially reduced

with advancing age®* leading to decline in muscle power. All of these changes collectively lead

to the functional limitations amongst the elderly.

Functional limitations result in difficulty or inability to perform the basic activities of daily living
(ADLSs) like rising from chair, climbing a flight of stairs, walking several city blocks>.
Traditionally, the age-related decline in muscle strength, that can be accentuated by the lack or
reduction of physical activity with age, was considered to be responsible for the functional
limitations in the elderly and the primary predictor of physical functioning in these individuals®>.
However, studies have proven the decline in skeletal muscle power is a more critical factor
responsible for the functional limitations?® and that it declines earlier and to a greater extent than

the muscle strength?*>*27-28 In particular, lower extremity muscle power is considered to be the



most important factor determining independent functioning in later life and, a central tenet of
quality of 1ife?®. In community dwelling older adults, leg muscle power has been demonstrated to

be a strong independent predictor of performance-based physical function?*-*

and self reported
inabilities’!. Hence, the assessment of lower extremity muscle power is an important factor when

designing functional rehabilitation programs in the elderly.

In the literature, most of the assessments of lower extremity power have been limited to single
joint assessments of the hip or knee with only a few examining the ankle. These assessments are
usually performed on isokinetic dynamometers. But, a functional activity like chair rise requires
hip, knee and ankle joint movements and this multi-joint action is not well represented by
power at a single joint*?2?, This thesis will focus on multi-joint lower extremity extension. Most
of the studies in the literature have pointed to a strong relationship between the age-related
reduced muscle power and functional limitations in activities of daily living based on single joint
assessments. However, little research has examined the influence of age-related declines in
multi-joint lower extremity extension power. The few studies that have assessed this activity
have used a variety of instruments, including the laboratory force plate jump tests. Force plates
are used to record the vertical ground reaction forces as a person jumps on them and these forces
are used to calculate power. Despite the high precision of these instruments, they have limited
applicability and feasibility in the older population due to comorbidities such as osteoporosis and
poor balance?. The force plates are expensive, and it is not feasible to have them in an outpatient
physiotherapy clinic. Other studies have used the Nottingham power rig** and the servo-
controlled dynamometer’” to address multi-joint power assessments but did not clearly report the
protocols used for the validation of these instruments. Therefore, a new measurement method

that can fill the present gaps in the assessment of lower extremity power is needed.



The Specific objective of the present study was to assess the concurrent validity of a new leg
press + IMU system to measure multi-joint lower extremity power by comparing it with power

measured during a force plate jump test using Bland-Altman analysis in healthy young adults.



CHAPTER 2: LITERATURE REVIEW
2.1: Aging
The World Health Organization (WHO) has documented population aging around the world as
one of the most noteworthy challenges of the 21st century. The organization defined seniors as
the population aged 60 years and above. According to a 2018 report by the WHO, the population
of seniors was expected to outnumber that of children below 5 years old by the year 20203
Canada reached WHO projection in the year 2017. The proportion of seniors has risen from 8%
in the year 1960 to 14% in the year 2009°. According to the population projections by Statistics
Canada, seniors are expected to account for around 23% to 25% of the population by the year
2036. The median age of the population was 26.2 years in the year 1960 and has risen to
39.5 years in the year 2009. This trend is expected to continue with the median being 42 — 45
years by the year 2036°°. Figure 2.1 shows the population projections according to the data from

Statistics Canada.
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Figure 2.1: Canadian population projections for children and seniors?
The figure illustrates that the population of seniors outnumbered that of children in the year 2017
and it is expected to rise and remain higher than the population of children.



According to most biologists, aging in humans commences from the fourth decade of life and

stops with the death of an individual®’

. At the biological level, aging is considered to occur as the
result of the gradual accumulation of a wide variety of molecular and cellular damage®®*’. The
changes associated with aging are neither linear nor consistent, and are only loosely associated
with the age in years, which makes it difficult to define the onset of old age’®. Despite this, the

WHO, has divided aging into 3 periods®”:

1) aging (early old age): ‘young-old” — 6074 years old
2) old age (late age): ‘old-old’ — 75-90 years of age

3) longevity (long-lived) — 90 years and older

Although advancing age does not automatically mean ill health or disability, the risk of both does
increase as people get older. During the year 2006, 33% of Canadians aged 65 and above had a
disability and nearly 75% of Canadians above 65 years of age had at least one chronic health
condition®. Arthritis is the second most common chronic condition among seniors after high
blood pressure. Statistics Canada reported that 45% of Canadians aged 65 and older had
osteoarthritis in the year 20174, In particular, the osteoarthritis of knees was reported by 49% of
population aged 65 and above in the year 2015*'. Chronic back pain was the next most
commonly reported condition in those older than 6542, Another important chronic condition in
the older population is osteoporosis. According to a report by Statistics Canada, 20.3% of
population aged 65 and older had osteoporosis in the year 20114, The projections predict an
increase in the proportion of chronic conditions as the number of elderly increases. These
increasing rates of disability and chronic disease are expected to increase the demands on

Canadian health care services.



The complex etiology of aging is difficult to understand however, some of the factors like
physical inactivity, improper nutrition, and chronic medical conditions contribute to aging and
lead to numerous changes in human body that are commonly associated with aging**. Some of
the important structural changes described by Dziechciaz & Filip?” are:

e Slowly developing atrophy of tissues and organs

e Internal and external cell dehydration, which leads to reduction in the total volume of

body fluids

e Increased replacement of muscle tissue by fat tissue
These and other physiological changes associated with aging take place at different rates in body
systems and individuals. For instance, the musculoskeletal system demonstrates a reduction in
bone mass®, degradation of articular cartilage, and narrowing of intervertebral discs*. There is
also a noticeable decline in skeletal muscle mass, muscle strength and power with aging*. Such
changes increase the risk of disabilities and ill health in older individuals.
2.1.1: Aging and Skeletal Muscle
Skeletal muscle is an elastic, contractile tissue under voluntary control of the somatic nervous
system*’. The basic function of skeletal muscle is voluntary contraction resulting in movement of
the joints of the body. Skeletal muscle is highly adaptive to diverse stimuli including exercise,
injury, disuse and aging. There are profound alterations in its form and function with advancing
age which ultimately affects the health of older individuals. Peak skeletal muscle mass and
strength is achieved by the third decade of life after which they begin to progressively decrease.
A review by Aversa and colleagues reported a decline of 50% in the skeletal muscle mass by the
ninth decade of life’. The loss in muscle mass and function, that accompany aging, is termed as

sarcopenia*®*. Sarcopenia is characterised by the loss and atrophy of muscle fibers and a



simultaneous increase in the proportion of fat and fibrous tissue in muscles’”®. The European
Working Group on Sarcopenia in Older People (EWGSOP)? has categorized the severity of
sarcopenia in their 2018 report, based on 3 criterions:

1. Low muscle strength measured using grip strength or chair stand test

2. Low muscle quantity or quality measured using DXA, CT or MRI

3. Low physical performance measured using gait speed, Short physical performance battery,
Timed-up-and-go test or 400-meter walk test.

The presence of criterion 1 indicates probable sarcopenia while the presence of criterion 1 and 2
confirm the diagnosis. Presence of all three criterions suggests severe sarcopenia. Sarcopenia is a

9,10

primary factor responsible for the development of frailty™'” and a potent predictor of a late-

life disability!!.

While sarcopenia refers to age-related changes in muscle structure and function, comorbidities
associated with aging enhance the severity of the disease. Common among these is diabetes. In
2012, Kirkman et al* reported that more than 25% of the U.S. population aged >65 years had
diabetes, and the aging was a significant driver of the diabetes epidemic. The numbers are
similar for Canada®’. Tournadre and colleagues®! describe how insulin resistance, particularly in
the elderly, leads to decreased skeletal muscle protein synthesis and therefore greater depletion
of muscle mass. Pacifico et al** performed a meta-analysis of 63 studies identifying presence of
sarcopenia using the criterions of EWGSOP, and reported a prevalence of 31.1% in people over
50 years old with diabetes compared to only 16.2% in the non-diabetic cohorts>>. Mori and
colleagues used grip strength and DXA to identify sarcopenia in 308 elderly individuals (mean

age: 63.5+11.0 years). Multivariate regression to examine the association between age, BMI, and



diabetes and sarcopenia demonstrated that only age and the presence of diabetes were

independent contributors to sarcopenia (Odds Ratio: 3.11; p <0.001).

Other diseases, common in older people, are also associated with and increased risk or severity
of sarcopenia. Dos Santos et al noted that sarcopenia was higher in people with chronic heart
failure’*. More recently, Springer and colleagues reported that in the elderly, the prevalence of
sarcopenia was 20% higher in those with heart failure compare to an age-matched group without
heart failure®®. Several studies have described an increase in sarcopenia in smokers when
compared to non-smokers>®>’. The link between malnutrition, which is prevalent in the elderly,
and sarcopenia has also been studied®®*. Yoo et al>® assessed the association between
malnutrition and chronic inflammation and the presence of sarcopenia and hip fracture in the
elderly. They have also been cited as independent risk factors for sarcopenia. The rates of three
indicators of malnutrition in men and women (low BMI, hypoalbuminemia, and
hypoproteinemia) in sarcopenia patients with hip fractures were 23.4%, 31.9%, and 53.2% and
21.3%, 21.3%, and 37.3%, respectively. The prevalence of markers of chronic inflammation
(increased C-reactive protein and erythrocyte sedimentation rate) in men and women with
sarcopenia and hip fractures were 74.9% and 52.2%, and 49.3% and 85.1%, respectively. These
rates were significantly higher than those in participants who were not diagnosed with
sarcopenia. Taken together, it is clear that while it is not possible to halt sarcopenia, its rate of

progression is increased by the presence of chronic diseases that are common in older people.

Figure 2.2 depicts the changes in skeletal muscle with aging. The reduction in muscle fibres is
accompanied by a progressive decline in innervating motor neurons and capillaries. A review by
Aagaard and colleagues® has reported an average loss of 25% in the number of spinal motor

neurons at the lumbospinal segments (L1- S3) in a group of people 20 to 90 years old. In that



study the people aged 60 years and older demonstrated up to 50% fewer motor neurons
compared to individuals between 20 and 40 years old. Another major feature of aging skeletal
muscle is the rearrangement of innervation. A motor neuron and the skeletal muscle fibres
innervated by it are collectively called a motor unit. A recent systematic review by Wilkinson
and colleagues®’ noted that loss of muscle fibres is associated with the age-related loss of motor
units. This loss leaves a muscle fibre denervated and more susceptible to atrophy. Denervated
fibres may be re-innervated by a nearby axonal terminal in a process termed motor unit
remodelling?®. Hence, older muscles tend to be comprised of motor units that are fewer in
number and larger in size. The muscle fibres being innervated by the same motor neuron lie
close to each other and are observed in clusters, in contrast to the typical random scattering
commonly observed in a young muscle. This rearrangement is called fibre type grouping®. As a
matter of interest, this grouping is characterized by a shift in fibre type composition (type I/I1
ratio)*> which is discussed later in section 2.1.1.1 of this literature review. All the changes

discussed here, collectively result in a reduction of muscle mass and muscle cross sectional area.

Skeletal
muscle

Fascicle

Fiber loss
Muscle — Fiber atrophy

fiber Intermuscular fat

Fibrobrosis

Denervation
Capillary attrition

MNeurovascular
bundle

Young Aged

Figure 2.2: Age-related changes in skeletal muscle’

The age-related substantial loss of muscle mass is because of both the loss and atrophy of muscle
fibers. The gradual diminution in functional contractile tissue is replaced by fat and fibrotic tissue.
These changes, along with progressive decline in innervating motor neurons and capillaries, result
in age-related loss of muscle strength and power.
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The reduction in muscle mass increases with the advancing age. Many studies have attempted to
quantify this loss. A review by Mitchell and colleagues?’ looked at cross-sectional as well as
longitudinal studies. They reported the median rate of loss was 0.47% per year in men and 0.37%
per year in women in cross-sectional studies comparing young (1845 years) and old (>65 years)
individuals. The longitudinal studies showed that in people aged 75 years and older, muscle mass
was lost at a rate of 0.80—0.98% per year in men and 0.64-0.70% per year in women. A 12-year
longitudinal study by Frontera and colleagues® explored the age-related changes in skeletal
muscle size using computerized tomography. Their results for 77 people with an initial mean age
of 65.4 +/- 4.2 years, demonstrated a significant reduction (P < 0.05) in the cross-sectional area
of the thigh (12.5%), all thigh muscles (14.7%), and the quadriceps femoris muscle group
(16.1%). Nilwik and colleagues®! compared the quadriceps cross-sectional area in the older
(n=26; 71+1 years) versus young men (n=25; 23+1 years) using computerised tomography. They
observed that it was 14% smaller in the older group (68+2 cm? for older men vs 80+2 cm? for
young men with p < 0.001). Recently, a review by Aversa and colleagues’ reported a 40%
reduction in the cross-sectional area of vastus lateralis muscle in people 20 to 80 years old and
stated that the number and size of both the type I and type II fibers were reduced in the advanced
age groups. This age-related loss and atrophy of the muscle fibers differs among fiber types and
muscle groups.

2.1.1.1: Selective Fibre Type Involvement in Sarcopenia

A skeletal muscle consists of the type I (slow twitch) muscle fibres and type II (fast twitch)
muscle fibres. The type [ muscle fibres are responsible for low-intensity, long-duration aerobic
activities. They are innervated by the slow motor neurons and form the slow motor units. The

type Il muscle fibres are responsible for anaerobic, powerful, short bursts of movements. They
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are innervated by the fast motor neurons and form the fast motor units. Overall, the reduction in
muscle mass with age is characterized by preferential involvement of the type II muscle fibres. A
large number of studies have supported this finding. A review by Andersen®” stated that on a
transverse section, muscle fibres show a change in shape from round to a shrunken flattened
appearance with increasing age. This shape change was found to be more pronounced in the type
IT muscle fibres than the type I muscle fibres. He further stated that the age-related fibre atrophy
is more common in the type Il muscle fibres. He also reported that when the size of type I and
type Il muscle fibres were compared between a group with an average age of 88 years and
another group with average age 25 years, the type I muscle fibre size reduced from 3822 + 755
pum?2 to 2891 + 853 pm?2 (reduced by 25%) whereas the type II fibre size reduced from 3974 +
873 um2 to 1704 + 936 um2 (reduced by 57%). Another review by Mitchel and colleagues?’
confirmed this preferential decline in the size of type II muscle fibres based on DXA, CT and
MRI scans. A recent cross-sectional study by Nilwik and colleagues®! also supported these
findings using muscle biopsies. They studied the type II muscle fibers of vastus lateralis muscle
in healthy young (n = 25; 23 £ 1y) and older (n = 26; 71 + 1y) men and reported that the type II
muscle fiber size was 29% smaller in the elderly vs the young (5050 £ 198 pm? vs

7136 + 309 um?, respectively; P <0.001). A more recent cross-sectional study by McPhee and
colleagues® investigated the cross-sectional area of type I and type II muscle fibres in the vastus
lateralis muscle in older (n = 20; age 72 + 4 years) vs younger women (n = 15, age 22 + 3 years)
using single fibre muscle biopsies. The results of this study showed that there was no significant
difference between the groups in the type I fibre cross-sectional area (p = .487) but, the type II
fibers had 26% smaller cross-sectional area in the older participants (p <.001). These findings

were confirmed in a recent review by Aversa and colleagues’. Therefore, the literature
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conclusively supports that age-related skeletal muscle atrophy is more prominent in type II than

type I muscle fibres.

Several reasons have been proposed for such selective atrophy of type I muscle fibres. One
plausible cause could be an age-related reduction in high intensity, anaerobic activities that
recruit these fibres'!. On the other hand, motor unit remodelling has also been noted to play a
substantial role in type II fiber atrophy®*. As remodelling accelerates with advancing age the
pace of reinnervation does not match that of the denervation resulting in a loss of muscle fibres
or at times the complete loss of motor units®. In their systematic review, Brunner and
colleagues®* concluded that fiber-type grouping was the major quantitative change observed in
type Il muscle fibre aging. They further stated that the motor unit remodelling and subsequent
fibre type grouping associated with aging appears to be the most important cause of the age-
related, preferential loss of type Il muscle fibres. Therefore, it seems that the age-related
reduction in physical activity that recruits fast-twitch fibres and the subsequent motor unit
remodelling play an important role in the selective loss of type II muscle fibres.

2.1.1.2: Preferential Loss of Muscle Mass in The Lower Extremities

It is important to understand that the changes in muscle cross-sectional area and fiber type with
aging are not consistent among the muscle groups. The muscles of lower extremity are
preferentially affected compared to the muscles of upper extremities?>. A cross-sectional study
by Janssen and colleagues® examined the effects of age on whole body and upper and lower
body muscle mass using MRI in 468 people (male = 268), ranging from 18 to 88 years old. The
participants were divided into two age categories: 18 — 44 years and 45 years and older. Among
men, older than 45, age was significantly (p < 0.05) and negatively related to the lower body (r =

— 0.48) but not the upper body muscle mass. In women, age was more strongly related (p < 0.05)
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to the lower body (r = — 0.48) than the upper body skeletal muscle mass (r = — 0.26).
Furthermore, a regression analysis of age and skeletal mass among women demonstrated that the
slope of regression for lower body (r = — 0.09) was significantly (p < 0.01) greater than that for
upper body skeletal muscle mass (r =— 0.02). A similar discrepancy in the reduction of skeletal
muscle mass across various muscles of the body was found by comparing the results of two
studies using the same muscle biopsy techniques. The cross-sectional study by McPhee and
colleagues® compared the vastus lateralis fibre number and total muscle cross-sectional area
using data from 31 young (mean age: 22years) and 40 old (mean age: 72 years) men and women.
They reported that the muscle mass and muscle fibre numbers were significantly lower for the in
the elderly compared to young subjects. The second study, also a cross-sectional design, revealed
a non-significant difference in number of muscle fibres in bicep brachii between young (21 £ 2
years) and old (82 + 2 years) individuals®. A recent review by Mitchel and colleagues?’ that
included 20 cross-sectional studies and 5 longitudinal studies assessing the skeletal muscle mass
using DXA, CT and MRI, affirmed that the age-associated loss of muscle mass affects lower
limb muscle mass at more than twice the rate of loss in the upper limb.

2.1.2: Consequences of Aging Skeletal Muscle

The two crucial consequences of skeletal muscle ageing are the decline in muscle strength and
power, which are associated with functional limitations.

2.1.2.1: Decline in Muscle Strength

The American College of Sports Medicine defines muscle strength as the ability of a muscle to
produce force during voluntary contraction against a resistance'2. In clinical settings, it is usually
quantified in terms of the one repetition maximum (1RM) described as the greatest load that can

be moved through full range of motion, with good form in a single attempt'?. Strength is
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typically assessed in one of three modes, either isometrically, isotonically, or isokinetically,
using either concentric or eccentric muscle contractions. One way to assess strength clinically is
manual muscle testing (MMT). During MMT, the clinician applies active or passive resistance to
the body part being tested through the available range of motion'®. The clinician determines the
muscle strength as weak or normal based on several grading scales for MMT; chief among them
are the Medical Research Council'¥, Kendall et al'®, and Daniels and Worthingham'¢. This
commonly used testing requires experience and can be imprecise because the grading of strength
is dependent on the clinician’s perception!’. Tools to assess strength include free weights, and
hand-held'” and isokinetic dynamometers'®. Strength is related to the cross-sectional area of the
muscle and the capacity of the innervating motor neurons to activate the muscle fibres’.
Numerous cross-sectional and longitudinal studies have reported a decline in the muscle strength
with aging and linked this to reductions in the muscle mass and motor units. A longitudinal study
by Frontera and colleagues® illustrated a clear decrease in the muscle strength over a 12 year
period. They studied twelve healthy sedentary men (initial mean age: 65.4 +4.2 years) in the year
1985-86 and nine of them were reassessed in the year 1997-98. Isokinetic muscle strength of the
flexors and extensors of the knee and the elbow were measured. The investigators reported a
2%/year and 2.5%/year loss of strength in the knee extensors and flexors, respectively and a
1.6%/year and 1.4-2.2%/year for the elbow extensors and flexors, respectively. The review by
Figueiredo and colleagues® used cross-sectional studies and reported that the knee extensors of
healthy older people (70-80 years old), were 20-40% weaker compared to participants who were
20 to 40 years old when assessed for isometric strength. The review by Mitchel and colleagues?’
in 2012 supported these findings. That group included 20 cross-sectional studies and 5

longitudinal studies. The longitudinal studies in this review documented that isokinetic knee
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extensor strength declined at 3 — 4%/year in men and 2.5 — 3%/year in women among the people
aged 75 years. This review also reported that strength loss was 2 — 5 times faster than the rate of
loss of muscle mass. Another 3 year longitudinal study by Goodpaster and colleagues®’
examined the changes in muscle mass and strength in 1880 healthy older (mean age: 73.5 £ 2.8
years) black and white men and women (n=929 men). They aimed to determine whether the
change in lean appendicular mass was related to the change in muscle strength in older adults.
They measured isokinetic knee extensor strength using an isokinetic dynamometer and the lean
appendicular mass using DXA. The rates of strength decline reported by this longitudinal study
were 3.4%/year and 4.1%/year in white and black men and 2.6%/year and 2.9%/year in white
and black women, respectively. They further reported that these rates of strength decline were 3
times greater than the rate for loss of leg lean mass, which was about 1%/year across gender and
race.

2.1.2.2: Decline in Muscle Power

Skeletal muscle power is the product of force and the velocity of movement!®. Assessment of
power is complex because it requires measuring strength i.e., the force exerted during the
movement and the velocity at which the movement is being performed'’. This can be done using
research grade force plates? or field tests such as the vertical jump test*! or the stair climbing
power test?2. As discussed, aging is associated with preferential involvement of the type II
muscle fibres that are responsible for short burst movements, which may explain an earlier and
greater decline in the muscle power as compared to the muscle mass and strength. Macaluso and
De Vito?® suggested that the selective loss of fast motor units with age and an increase in the
number of slow motor units also contributes to an earlier and greater decline in the muscle power

compared to strength. These findings were supported by a more recent systematic review by

16



Brunner and colleagues®*. A study by Skelton and colleagues reported a 1-2% reduction in
isometric knee extensor strength per year was associated with 3-4%/ year decline in multi-joint
lower extremity power measured using the Nottingham power rig in men and women who were
65-89 years old®. Recently, a cross-sectional study by McKinnon and colleagues?® studied the
rates of decline in an isometric knee extensor strength and the knee extensor power among
twelve older (6 men, mean age: 77+5 years) and twelve young adults (6 men, mean age: 24+3
years) using an isokinetic dynamometer. Despite a small number of participants in the
comparison, their results demonstrated a greater loss of muscle power (44%) in comparison to
muscle strength (40%) in older adults. A 3 year longitudinal study by Reid and colleagues®
documented the age-related loss of lower extremity muscle power in the 26 healthy (mean age:
74.1+4, n = 12 females) and 22 mobility-limited (mean age: 77.2+4, n = 12 females) older adults.
The researchers reported the rate of loss of muscle power to be 8.8% and 8.5% per year in the

healthy and mobility-limited older adults, respectively.

2.2: Functional Limitations with Aging

Functional ability is the capacity to perform the activities and tasks in daily life. These basic
activities of daily living (BADLs)? can be described as activities that allow people to take care of
themselves (bathing, dressing, using the toilet,)’®. The inability to carry out BADLs will affect
quality of life and eventually lead to a lack of independence (Figure 2.3). Functional limitations
increase noticeably with age’ and many elderly people consider their ability to carry out BADLs
to be more important than disease prevention . Reductions in muscle strength, power and
physical activity with increasing age are causes for the decline in functional ability. This inability
to perform BADLs is also recognized as a risk factor for mortality in older adults®. Although

muscle strength has been identified as the primary predictor of the limitation of function in
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elderly people, skeletal muscle power is now considered to be a more critical determinant of
physical function with increasing age. As a matter of fact, Reid and Fielding concluded that the
reduction in lower extremity muscle power is the primary determinant of the functional

limitations and disability in the elderly?®.

Decline in skeletal muscle strength

Reduced physical activity
v

Weakness and decreased Mohility

!

Disability

&

Loss of Independence

Figure 2.3: The vicious cycle of decline in muscle strength and reduced physical activity

The reduction in muscle strength leads to a decrease in abilities for physical functioning amongst
the elderly people. This reduced physical activity ultimately serves as the cause for decline in
muscle strength and worsens the condition, ultimately leading to a loss of independence?®.

2.3: Role of Lower Extremity Muscle Power in Functional Limitations

Several studies have addressed the association between lower extremity muscle power and
functional limitations in older individuals. A study by Suzuki and colleagues®® compared the
associations between the ankle power and strength and performance-based functional tasks such
as the ten time sit-to-stand test and the stair climb power test. They assessed 34 elderly women
(age range: 65 — 84 years) with the self-reported limitations in function measured on the Medical
Outcomes Study Short Form (SF-36) Health Status Survey. The investigators reported that
muscle power was a stronger predictor of the chair rise time (muscle power: r = 0.58 vs. muscle

strength: r = 0.32) and the stair climb performance (muscle power: r = 0.49 vs. muscle strength: r
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=0.37). A clinical trial by Foldvari and colleagues®' assessed the association of leg muscle
strength, power, endurance, and functional status in 80 community-dwelling elderly women
(mean age 74.8 = 5.0 years). The researchers assessed knee extensor strength and power using a
computer-interfaced pneumatic resistance machine. The authors stated that multivariate analysis
revealed that lower extremity power was the only factor that contributed independently to the
functional status (» = .64, p <.0001), and that it accounted for 40% of the variance in functional
status in the elderly women. Recently, a review by Reid and Fielding®® confirmed these findings
and concluded that the lower extremity muscle power is the most important determinant of

functional limitations in the elderly subjects.

2.4: Role of Physical Activity and Exercise

There is growing evidence that the decline in muscle strength and power is highly dependent on
physical activity levels®'. Wall and colleagues’” reported a 9% decrease in isometric knee
extensor strength following 5 days of knee joint immobilization using a full leg cast in 24
healthy, young males (mean age: 23 + 1 years). Another study by Kortebein and colleagues’
analyzed the effect of 10 days of bed rest on the maximal isotonic knee extensor strength
measures using a Cybex dynamometer in 11 healthy older adults with mean age of 67 + 5 years.
They also assessed lower extremity power using the stair-climbing power test. Their results
demonstrated a decrease of 11% in isometric knee extensor strength (p = 0.004) and a decrease

of 14% in lower extremity power (p = 0.01) over the 10-day assessment period.

The effects of aging are less pronounced among master athletes’* compared to their sedentary
cohorts, supporting the role of exercise in reducing the rate of decline in power with increasing
age. Thé and colleagues’ examined the records from the 2000 World Masters Weightlifting

Championships and documented an age-related decline in power of 1.4-2.3 % per year in muscle
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power in lifters aged 60 years and older measured using laboratory assessments of muscle power.
This is much less than the 8.8% per year decline in healthy sedentary older adults (mean age:
74.1+4) reported by Reid and colleagues®®. Thus, exercise has a role in in combating the effects
of aging and slowing the associated functional decline. Henwood and colleagues’® studied the
effects of 8 week of resistance training in 14 older subjects (mean age: 69.9+6.5 years) on knee
extension power measured using an isokinetic dynamometer and on physical performance
assessed using chair-rise time. Their results demonstrated a 33% increase (p < 0.05) in knee
extension power and 10.4% decrease (p < 0.05) in chair-rise time following the training program.
Another study by Yamauchi and colleagues’’ studied the effects of 10 months of body-weight
based exercise training on leg muscle power in 27 healthy elderly subjects (66.0 + 5.7 years).
They assessed pre- and post-training leg muscle power using a servo-controlled dynamometer
and reported an increase of 13% (p < 0.01). A recent review by Porter and colleagues’® pooled
results from 15 intervention studies demonstrating the effects of resistance training on lower
extremity power and concluded that exercise can play an important role in helping improve
muscle power in elderly. Accurate assessment of lower extremity power is important to prescribe
exercises that can produce a noticeable improvement in muscle power and to investigate the most

effective training protocols.

2.5: Assessment of Lower Extremity Muscle Power

Despite lower extremity muscle power being a crucial determinant of the physical functioning,
there are few investigations of muscle power older people. Macaluso and De Vito?° said this is
because power i1s much more difficult to measure than strength. Most of the studies that have
assessed power have used the knee extension power to represent lower extremity power.

However, this is not an accurate representation as functional activities like rising from a chair,
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that involve the hip, knee and ankle joints. Samuel and colleagues’® assessed the maximum
isometric strength of the knee flexors and extensors, measured at 90, 60 and 20 degrees of knee
flexion, and 45, 30 and 0 degrees of hip flexion in 84 healthy individuals aged 60 — 88 years old.
They linked the findings to performance on the chair rise test. The functional demand was
defined as the moment at a particular joint angle (Nm), divided by the maximum isometric
strength (Nm) available at that joint angle, and was expressed as a percentage of maximum
isometric strength. They performed a full body 3-D biomechanical assessment using the body
markers, an 8-camera motion analysis system with 3 force plates and a standard height chair (460
mm). The results demonstrated that the mean knee extensor functional demand was 72.8% and
the hip extensor functional demand was 88.2% of maximum isometric strength during a chair
rise activity. Their results showed that the functional demands of both the knee and hip extensors
increased with age, increasing from 72% in the participants between 60-70 years to 81.9% in
those between 80-90. The functional demand of hip extensors increased from 88.2% to 94.7% in
the same age groups. This investigation demonstrates the need to consider both the hip and knee

extensors to fully understand the demands in a chair rise.

Isokinetic dynamometers are by far the most commonly used instruments to assess leg muscle
power and typically knee extension power is used to represent the whole leg 2°. These devices
control the speed of movement and assess power at a single joint eliminating the effects of
proximal or distal joints through external stabilization. However, tasks like a chair rise do not
occur at a constant speed and do not involve single joint movement therefore, isokinetic
dynamometers do not simulate theses everyday multi-joint leg extension tasks. This was
highlighted in the review by Macaluso and De Vito?® and further supported by the findings of

Yamauchi and colleagues®’. Yamauchi and colleagues*? developed a servo-controlled
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dynamometer to measure the steady state force — velocity relationship during multi-joint leg
extension in 17 subjects (mean age 27.8+13.3 years). Their results demonstrated a linear force —
velocity relationship instead of the typical hyperbolic force — velocity curve®® expected for a
single joint movement. This result clearly shows that the force — velocity relationship, and thus
power, for multi-joint leg extension can not be accurately described by the relationship measured

during single joint movement performed on an isokinetic dynamometer.

2.5.1: Assessment of Multi-joint Lower Extremity Extension Power

2.5.1.1: Field Tests to Assess Multi-joint Lower Extremity Power

A number of functional tests, most notably the sit-to-stand test®!:*>83 and the stair climbing
power test?>#485 have been proposed as simple, valid methods of assessing multi-joint lower
extremity power in older individuals. Many factors affect conclusions about the validity of these
tools. For instance, variability of the seat height and the prescribed duration or number of rises in
the test affect the outcome in the sit-to-stand test®®. A landmark study by Lord et al concluded
that quadriceps strength was the most important variable determining STS times but other factors
such as proprioception, balance, and vision accounted for more than half the explained
variance®. Most studies have validated the sit-to-stand test using measures of strength. However,

183

Hardy et al®’ assessed the relationship between performance of the 10 time sit-to-stand test and

lower extremity power and standing balance. Balance was a significant predictor of test
performance and the investigators cautioned against using the test as proxy for leg power®?.
Lindemann and colleagues reported a poor correlation between lower extremity power and the 5

t87

time sit-to-stand set®’. The stair climbing power test assesses power that can be quantified in

Watts. Interestingly, most validation studies for this test use lower extremity leg press strength as

the comparator and do not control the velocity of the extension movement3483-88:89,
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Cardiovascular and respiratory function are known to influence stair climbing performance’*!

as is balance??. The number of stairs climbed varies greatly among testing protocols and affects
the outcome??. Thus, these functional tests provide a useful way to track change in performance
over time, but they have not been shown to measure lower extremity extensor power directly nor

do they assess maximum performance.

The vertical jump test is commonly used to assess multi-joint lower extremity power in young
individuals °2. The jump height is documented as indicator of lower extremity power®® and can
be used to quantify power in Watts using predictive formulas. The most commonly used jump
tests are: Countermovement jump (CMJ) test and Squat jump (SJ) test. In a countermovement
jump, subjects perform a movement that increases knee flexion or decreases leg length or
deepens the squat height before they jump?!. In a squat jump, subjects jump from a semi

t21

squatting position without a countermovemen ho421,

. Both tests are used extensively in researc

In their study, Markovic and colleagues®!

recruited 93 healthy males with a mean age of 19.6 £
2.1 years to assess the psychometric properties of 7 different jump tests. Between-subject
reliability was described using intra-class correlation and Cronbach’s alpha coefficients. The
results of this study indicated that out of 7 jump tests, the squat jump and the countermovement
jump had the greatest between-subject reliability with Cronbach’s alpha = 0.97 and 0.98
respectively. Principal component analysis was used to investigate the factorial validity of the
tests. Results demonstrated that a single component, explosive power, explained 66.43% of the
variance in performance among all 7 jumping tests. The countermovement jump showed the
highest relationship with the explosive power factor (» = 0.87) and the squat jump had a

correlation of » = 0.81, supporting the construct validity of the test. A paper by Graham and

colleagues®” discussed the predictive validity of the squat jump for basketball performance in
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young athletes. They stated that theoretically, athletes with higher squat jumps should have better
basketball performance when compared to those with lower jumps. The Lewis formula is
commonly used tool to convert jump height to power °°. Surprisingly, despite of its wide use, the

t%. Harman and colleages’® reported that maximum lower

validity of the formula is in doub
extremity power during the squat jump in 17 young males (mean age: 28.5+6.9 years), estimated
using Lewis formula, was 70.1 = 3.5% less than that measured using laboratory force plates jump

test in. Hence, more accurate assessment of power is needed if the goal is precision in exercise

prescription.

2.5.1.2: Force Plate Jump Tests

Jump tests performed on force plates are considered to be accurate, standard laboratory tests for
analysing lower extremity power?*?-8, Force plates measure the ground reaction forces when
the body is standing on or moving across them. Vertical jump tests performed on force plates are
reported to have construct, predictive, content and concurrent validity for determining the lower
extremity power in young individuals®?. Jump tests performed on force plates have also been
used to assess multi-joint strength and power characteristics in older individuals”. A study by
Ditroilo and colleagues'® assessed intra- and inter-day reliability of countermovement jump
performed on the laboratory force plates in 82 healthy middle-aged (5565 years) and older (66—
75 years) men and women. The researchers reported a coefficient of variance of less than 4% and
the intra-class correlation coefficient was greater than 0.90 for peak lower extremity power.

Hannan and colleagues'*!

studied whether peak power measured using the force plate squat jump
test could predict functional performance, quantified as the SPPB score, in 463 community

dwelling women aged 71-87 years. The assessment was based on logistic regression and

McFadden’s pseudo R? value. The pseudo R? values ranging from 0.2 to 0.4 indicate a very good
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model fit and therefore, high predictive validity!'?2. The investigators reported pseudo R? values
of: SPPB score (R? = 0.13), gait speed (R?= 0.14) and chair rise time (R? = 0.18) demonstrating
relatively weak predictive validity of peak power for functional performance in older individuals.
It is possible that the strength of the prediction was affected by the fact that the functional
performance measures are influenced but factors other than lower extremity power. It is
important to note that the older individuals in the studies by Ditroilo and colleagues'® and
Hannan and colleagues!'®! were healthy elderly and did not have comorbidities affecting their
functional capabilities. Thus, the findings are not immediately applicable to a typical elderly
population.

Limitations of Force Plate Jump Tests:

Jump tests may be unsafe for older people with chronic health conditions. Jumping is a ballistic
activity that requires postural adjustment and neuromuscular control'®*. Nearly 75% of
Canadians above 65 years of age have at least one chronic health condition that can affect their
balance? suggesting a jump test would be hazardous for them. Jumping is associated with highly
compressive landing forces that makes it unsafe for elderly people with comorbidities such as

osteoarthritis and osteoporosis!'%*

. According to a report by Statistics Canada, 20.3% of
population aged 65 and older had osteoporosis in the year 20114, Arthritis is the second most
common chronic condition among people over 65 years older ** and 49% of Canadians over 65
reported having osteoarthritis of the knees in 2015*!. Apart from this, force plates are technically

complex and expensive in which limits their use in outpatient physiotherapy clinics. Thus,

alternatives to measure power are needed.
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2.5.1.3: The Nottingham Power Rig

Bassey and Short developed the Nottingham power rig in 1990 to measure unilateral multi-joint
leg extension power>*. This instrument consists of an adjustable seat and a footplate connected
to a flywheel with a lever and chain (Figure 2.4). The footplate can move 0.165m as an
individual performs leg extension. The authors validated their instrument by comparing the leg
extension power obtained from it with that from the isokinetic dynamometer and vertical jump
tests on force plates. Spearman’s ranked correlation demonstrated a strong relationship between
power calculated using the newly developed ‘rig’ and that from the isokinetic dynamometer (rho
=0.82, p =<0.001). There was a similarly strong correlation between power from the rig and the
jump test. (rtho = 0.86, p =<0.001). Despite these high correlations, there were some

methodological weaknesses in this study that affect confidence in the validity assessment.

£

[

Figure 2.4: Schematic representation of the Nottingham power (LEP) rig**
The figure shows leg position of a seated subject at the start of the power measurement.

Bassey and Short claimed that the isokinetic dynamometer was configured to simulate the multi-
joint leg extension movement of the power rig, stating that the angles of the hip, knee and ankle

were matched to those that occurred during power rig extension. However, the reproducibility
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and therefor ethe validity of this tool has to be questioned because the authors did not include
any information about the specific joint angles either in the power rig or the isokinetic
dynamometer, or about testing procedures involved. As a part of this literature review, no studies
were found that used an isokinetic dynamometer to produce a combined multi-joint movement
such as the leg extension. Hence, we must assume that the authors compared their results with
the components of leg extension i.e., the isolated movements of hip, knee and ankle joints or they

might have used just knee extension power to represent lower extremity power.

The power and angular velocities were different for both the methods. Power measured on the
isokinetic dynamometer is the peak instantaneous power whereas, the power obtained from the
power rig was average leg extension power. While the leg extension peak power was calculated
from the recorded peak torque at a constant angular velocity of 4 rad/s from the dynamometer,
the angular velocity of leg extension on the power rig was dependent on the acceleration of the
fly wheel, which in turn was dependent on the amount of push applied by the seated subject. For
a combined multi-joint movement, the torque production depends on the combined effects of
joint angles and angular velocities®*. This makes it difficult to compare the torque produced
during a multi-joint movement with changing angular velocity with that produced during
movement on an isokinetic dynamometer at a constant angular velocity.

2.5.1.4: The Servo-Controlled Dynamometer

Yamauchi and colleagues developed a servo-controlled dynamometer? that controlled the force
created during multi-joint leg extension in order to measure the steady state force-velocity
relationship during the movement. The servo-controlled dynamometer system (Figure 2.5)
consisted of a vertically placed tri-axial force plate, a servomotor, and a computer-assisted

control unit to produce a servo loop. The force plate was connected to a servomotor, and a force
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clamp was created by using the servo-feedback to control the displacement of force plate. In this
way, the force was kept constant during the movement. The authors used least-squares regression
analyses to estimate the force-velocity relationship. They compared the force-velocity
relationship obtained from the servo-controlled dynamometer with the estimated line of
regression. Their results for 17 subjects (mean age 27.8+13.3 years), were an excellent fit to the
line of regression (r = -0.986). The authors then extrapolated maximum force (Fmax) and
maximum velocity (Vmax) from these results. These Fmax and Vmax were used to calculate the

105 compared power from the servo-

maximum power. In a subsequent study, Yamauchi and Ishii
controlled dynamometer with that from vertical jump performance, measured as vertical jump
height in 67 untrained men and women (mean age: 19.54 + 2.38 years). There was a significant
correlation between the Fmax, Vmax, and Pmax from the dynamometer and the vertical jump
performance (r = 0.48, 0.68, and 0.76, respectively, p <0.001). Yamauchi and Ishii claimed that,

the servo-controlled dynamometer was a useful tool for evaluating the multi-joint leg extension

power; however, the instrument is not available commercially.
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Figure 2.5: Schematic design of the servo-controlled dynamometer?
The force command was generated by a personal computer and sent to a servo amplifier. The
output from the force plate was sent to the computer and fed back to the servo amplifier, which

generated a signal for controlling the servomotor so as to cancel the difference between force
command and actually measured force.

2.5.2: Feasible Alternatives

Lower extremity power assessment in older individuals should assess multi-joint extension and
be safe for people with poor balance, osteoporosis and other age-related comorbidities.
Furthermore, it should be suitable for use in rehabilitation clinics. A leg press machine is
commonly used in physiotherapy clinics. When using the leg press, multi-joint extension
movement is performed in sitting which is a well supported position that reduces joint impact
compared to a jump test. A leg press machine could be used to assess lower extremity muscle
power in older individuals if the velocity of the foot plate movement could be measured. An
Inertial Measurement Unit (IMU) consists of an accelerometer, a gyroscope, and a magnetometer
and measures acceleration, angular velocity and magnetic fields. Recently IMUs have been used

by researchers to determine movement characteristics like jump height! that can be used to
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measure multi-joint leg extension power. It is possible that leg press + IMU combination, could
be used to measure multi-joint lower extremity power. Adding an IMU to the leg press could
facilitate measurement of power by quantifying acceleration of the movement that can be used to
calculate the force and velocity of the movement. The leg press + IMU system could be used in a
clinical setting because both the leg press and the IMU are commercially available. In fact, most
of the outpatient clinics usually have a leg press machine and adding an IMU could be feasible

because it is inexpensive and easily available.
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Summary of The Literature Review
The proportion of seniors in Canada is increasing, presenting a challenge for the health care
system to preserve the quality of life in this population. Aging is associated with a decrease in
muscle mass due to a decrease in fiber size and number. These changes are more common in
type II skeletal muscle fibres and result in a decline in muscle strength and power that results in
limitations in the ability to carry out functional activities. Lower extremity muscle power, which
decreases markedly with advancing age, is the strongest physical determinant of functional
activities in elderly. Rehabilitation to slow this decline and improve function in the elderly
depends on being able to prescribe exercise based on an accurate assessment of power. Currently
available tests to assess the multi-joint leg extension power may be unsafe for older individuals,
some have questionable validity, while still others are not commercially available. Therefore, an
alternative assessment, suitable to the rehabilitation setting, is needed. The purpose of this study
is to assess the concurrent validity of a new leg press + IMU system to measure multi-joint lower
extremity power by comparing it with power measured during a force plate jump test using
Bland-Altman analysis. As jumping presents a problem for older people, we aimed to assess the
validity of the new tool in young individuals so that we could use a strong comparator like the

force plate jump test.
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CHAPTER 3: OBJECTIVE & HYPOTHESIS
Objective:
The objective of this study was to determine the concurrent validity of the leg press (HOIST
H4400) + IMU (a Notch inertial measurement unit) system to measure the multi-joint lower
extremity extension power in healthy young adults. This was done by measuring the agreement
between the results of lower extremity power obtained from this system with that obtained from a

squat jump on force plates using Bland-Altman analysis.

Hypothesis:
The hypothesis of this study was that the lower extremity power measured using the leg press
(HOIST H4400) + IMU (a Notch inertial measurement unit) system, would be in agreement with

that measured using the force plate jump tests on a Bland-Altman analysis.
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CHAPTER 4: METHODS
4.1: Study Design
This study examined the concurrent validity of the leg press (HOIST 4400) + inertial
measurement unit (Notch IMU) system to measure the multi-joint lower extremity extension
power. To do this, the maximum power produced during the multi-joint lower extremity
extension on the leg press + IMU system was compared with that produced during a squat jump

on the force plates.

4.2: Participant Selection

4.2.1: Inclusion Criteria

—

. Healthy young adults aged 18 or older

2. Individuals with the ability to perform a squat jump without any discomfort

3. Individuals with the ability to perform full leg extension on the leg press system
without any discomfort

4. Individuals with the ability to understand verbal commands for the test

5. Individuals with the ability to provide a written informed consent

4.2.2: Exclusion Criteria
1. Individuals with any musculoskeletal conditions or injuries that could be
exacerbated by a jump
2. Individuals who have reported any instances of loss of balance resulting in an
unplanned descent on the floor (fall) with or without injury

3. Individuals under any ongoing rehabilitation program for lower limb injuries
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4.3: Sample Size

The sample size for this study was based on work by Harman and colleagues’. They compared
the lower extremity peak muscle power derived by the Lewis formula with that obtained from
the vertical jump test on force plates in 17 healthy young males (mean age: 28.5+6.9 years). The
standard deviation of force plate measured peak jump power in this study was 686 Watts. We
used the standard deviation and sample size from this study to calculate the margin of error
(MOE) using the formula MOE = Z(standard deviation / VN) where Z = the z-statistic value for
the determined confidence interval, standard deviation = the sample standard deviation, N = the
square root of the sample size. The alpha value was set to 0.05 with confidence intervals of 95%.
Calculations were made using Minitab’s (Minitab, LLC, USA) estimate sample size function. A
sample size of 17 was obtained for the current study. Four additional participants were recruited
to compensate for any breach in the data quality or participant dropout. Thus, 21 healthy young

participants were recruited in the study.

4.4: Participant Recruitment
The following method was used to recruit participants in this study:
1. The study posters (Appendix B) were displayed at DalPlex, the Forrest, Dentistry,
Tupper and CHEB buildings, and the Killam library and Sexton library
2. The study poster (Appendix B) was sent to the students from School of Health and
Human Performance, Dalhousie University using the weekly announcements email
correspondence
Individuals interested in participating in the study were asked to contact the principal
investigator by phone or email. The investigator contacted these people via telephone to conduct

a screening interview (Appendix C) and to provide a description of the study. Those who met the
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participation criteria and expressed continued interest in participating in the study were given the
consent form (Appendix D) by email for their review. People who were still interested in
participating in the study after reviewing the consent form were asked to contact the investigator

to arrange a 1.5-hour study appointment.

In preparation for the appointment, the participants were advised to: (i) have a light meal or
snack before the appointment, (ii) wear comfortable tight-fitting shorts and shoes appropriate for

jumping.

At the appointment: the investigator reviewed the consent form with the participants and
answered all their questions. Participants were then asked to sign the form and was given a copy

for their records.

4.5: Measurement Setup

4.5.1: Measurement 1: Leg Press + Inertial Measurement Unit System

The Hoist 4400 (HOIST Fitness Systems, USA) is a multigym with a leg press component
housed in Room 415 at School of Physiotherapy, Dalhousie University. A Notch (Notch
Interfaces Inc., New York, USA) inertial measurement unit (IMU) was used with the Hoist 4400
leg press machine to measure the lower extremity muscle power. The Notch IMU is a 3-D
motion tracking sensor that consists of an accelerometer, a magnetometer, and a gyroscope. The
accelerometer data from this sensor was used in the calculation of muscle power for this study.
The Notch IMU sensor was attached to the front of the moving stack of weights of the leg press
machine. As the participants performed leg press trials, the stack of weights and IMU lifted
vertically and the vertical acceleration of the weight stack along the y-axis was recorded by using

the Notch phone application.
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4.5.2: Measurement 2: Force Plate Jump Test

The force plates in the Joint Action Research (JAR) lab at School of Physiotherapy, Dalhousie
University were used for this part of the study. Squat jumps performed on the force plates were
used to measure the lower extremity extension power. The force plates recorded the vertical
ground reaction forces (VGRF) generated as a result of the jump. These VGRF were processed

and analyzed to calculate the lower extremity power.

4.6: Standardizations Between the Two Measurement Methods

4.6.1: Foot Placement

Standard foot placement marks were made using tape on the footplate of a leg press (Figure 4.1).
Foot placement marks, of the same dimensions (length: 22 ¢cm and breadth: 27 cm) were placed
on the force plates (Figure 4.1).

4.6.2: Leg Length

Leg length (cm) was calculated as the straight distance from the right greater trochanter to the
surface that supported the feet (Figure 4.2). The leg length measured on leg press + IMU system
was used as a reference for the starting squat position on the force plates. This was to standardize
the distance between hip and foot of each participant during all the trials for both the
measurement methods.

4.6.3: Knee Angle

The centre of the strain gauge of Biometrics twin axis electronic goniometer (Biometrics Ltd -
Motion Lab Systems, Inc.) was positioned over the center of rotation of the right knee joint
(Figure 4.2). One end of the goniometer was aligned with the greater trochanter and other end

was aligned with the center of lateral malleolus'?” and secured to the leg to maintain this position

36



using adhesive tape. This positioning was used during both the measurement methods to

standardize the initial knee angle during all the trials for both the measurements.

Figure 4.1: Foot Placement

The figure shows foot placement marks on the leg press foot plate (left) and the force plates
(right). Dimensions of foot markings were same for both the surfaces (length: 22 cm and breadth:
27 cm). For leg press, the feet were placed on the vertical green tapes with the heel at the bottom
of black rectangular mat. For the force plates, the feet were placed on the vertical green borders
of the box with heels at the bottom of the box.

Figure 4.2: Leg Length and Electronic Goniometer attachment to right knee

The figure represents leg length measurements on the leg press (left) and the force plates (right).
For leg press, the vertical yellow line represents a wooden stick placed vertically, with one end
adjacent to center of participants’ foot contact with foot plate and the other end touching the
floor. This stick was marked with the distance equal to the distance from participant’s greater
trochanter to the ground. The horizontal yellow line represents the leg length with the greater
trochanter as a starting point and the mark on the vertically placed wooden stick as an end point.
For force plates, the leg length was equal to the distance from right greater trochanter (marked
with green tape) to the surface of the force plates, represented by vertical yellow line. The greater
trochanter was aligned with the adjustable laser light mounted on 2 uprights. The laser light was
set to the height equal to leg length measured on leg press. The figure also shows electronic
goniometer attached to the right knee.
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4.7: Overview of Procedures

Participant Recruitment

A

Participant Consent

I

Anthropometric Measurements

Leg Press + IMU Measurements
(Lab 415)

'

Force Plate Jump Test Measurements

(JAR Lab)

After recruiting the participants and obtaining their consent, the data collection procedures
began. First, we measured weight for all the participants, which was used to determine the load
on the leg press.

4.7.1: Leg Press + IMU System

A biometric twin axis electronic goniometer was attached to the participant’s right knee (Figure
4.2) and their right greater trochanter was marked using a colored tape before they sat on the leg
press machine (Figure 4.1). The participant sat in the leg press and put their feet on the vertically
marked green tapes with the heel at the bottom of black rectangular mat. Next, the backrest was
adjusted according to the participant’s comfort while aiming to maintain the knee angle at 60 +
10 degrees. A firm strap was used to stabilize the pelvis with respect to backrest to prevent any
forward sliding in the seat during the test. Participants’ feet were fastened (Figure 4.2) to the

footplate using straps to prevent any loss of contact with the footplate during the fast and forceful
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leg press movement. In this position the leg length was measured using a measuring tape (Figure
4.2). The vertical distance from the right greater trochanter to the ground was measured using a
measuring tape. This distance was marked on a vertical wooden stick. The stick was then placed
vertically, with its one end adjacent to the center of participants’ foot contact with foot plate and
the other end touching the ground as shown by the vertical yellow line in Figure 4.2 so that it
marks the height of greater trochanter form the ground. Next, the leg length (cm) was measured
using a measuring tape with greater trochanter as a starting point and the mark on the vertically
placed wooden stick as an end point, as shown by horizontal yellow line in Figure 4.2. Following
this, the weight to be lifted on leg press was set equal to the participant’s body weight!'%®. Each of
the leg press weight plates is 10 Ib. and the pulley cam system converts this to 21.5 Ib. We
performed a calibration to verify this weight translation (Appendix G). Additional weight
increments of 2.5 and 5 lb. were added to the weight stack to match the leg press weight with

participant’s body weight if needed.

The participants then performed 3 familiarization leg press trials (Commands: Push the footplate
as fast and as forcefully as possible). After the familiarization trials, the data collection trials
began. Initially a “calibration trial” was performed in which the participants simply placed their
feet on the foot plate without preforming any movement. This was done to measure and subtract
the bias in the acceleration values recorded by the IMU. Three “leg press trials” followed the
calibration trial. Standard verbal encouragements ‘On the count of 3 push as fast and as
forcefully as possible. 1, 2, 3, push’ were given during all the leg press trials. These were
performed with a 2-minute rest between trials. This time allowed the Notch smartphone
application to download the recorded file. The details and sequence of the data collection trials

can be found in the data collection sheet (Appendix F).
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4.7.2: Force Plate Squat Jump

Participants moved to the JAR lab where the force plate jump measurements were conducted.
The electronic goniometer attached to the right knee was used to assess the knee angle during the
squat position. The participants were asked to step on the standardized foot markings (see Figure
4.1) for the jump trials. All the participants assumed a squat position using the knee angle and
leg length that were measured for starting position of the leg press trials (Figure 4.2). Leg length
(cm) was calculated as the distance from the right greater trochanter to the surface of force
plates. The leg length was determined using 2 uprights and a laser light source placed besides the
force plates on the participants’ right side, which was focused on their greater trochanter (Figure
4.2). The 2 uprights were marked with increments of 1 cm. The height of the laser light source
was adjusted to equal the leg length measured on the leg press. The participant was asked to
squat to a position so that their greater trochanter aligned with the laser light that gave the same
leg length as that used during the leg press trial (vertical yellow line in Figure 4.2). Next the knee
angle was measured in this squat position to ensure it was same as that measured on the leg
press. For all the participants, the recorded knee angle was + 5 degrees compared to the angle

recorded on leg press; therefore, no adjustments were performed.

Once the required squatting position was achieved, the participants held that start position for a
period of 3 seconds. The participants then jumped from this start position as fast and forcefully
as possible. They were asked not to use a countermovement, which was defined as any
movement that further increased knee flexion or decreased leg length or otherwise deepened the
squat. Specific instructions were given to the participants to avoid this. Participants were
monitored visually and if they performed any countermovement, those jump trials were repeated.

The participants performed 3 familiarization trials. After this, the data collection trials began. An
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initial “standing calibration trial” was done before the 3 jump trials. Participants simply stood on
the force plates to measure and subtract the bias in recorded VGRF. This was used to represent
the baseline force and thereby the mass of the participant. The 3 jump trials were performed with
a 2-minute rest between trials. Standard verbal encouragements ‘On the count of 3 jump as fast
and as forcefully as possible. 1, 2, 3, jump’ were given during all the 3 jump trials. A second,
“zero calibration trial” was done after the jump trials. In this case the force plates were empty
(participant not standing on the force plates). The details and sequence of the data collection

trials can be found in the data collection sheet (Appendix F).

4.8: Data Collection

4.8.1: Anthropometrics

The weight (kg) was measured for the participants using research grade digital weight
measurement scale.

4.8.2: Measurement 1: Leg Press + Inertial Measurement Unit System

The acceleration data for the calibration trial was recorded for a period of 2 seconds at the
sampling frequency of 500 Hz. The acceleration of leg press weight stack during the leg press
trials was recorded for a period of 10 seconds at a sampling frequency of 500 Hz. The recording
was begun and 3 seconds later following the ‘1,2,3 push’ command described in 4.7.1.

4.8.3: Measurement 2: Force Plate Jump Test

The vertical ground reaction forces for the jump trials were recorded for a period of 10 seconds
at a sampling frequency of 500 Hz using the Qualysis Software (Qualisys, Sweden). Vertical
ground reaction forces were filtered using a 30 Hz - low pass, 4th order Butterworth, zero-phase

digital filter prior to processing. The recording was begun and 3 seconds later following the
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‘1,2,3 jump’ command described in 4.7.2. The data for two calibration measurement trials were

recorded for a period of 2 seconds at the sampling frequency of 500Hz.

4.9: Data Processing

4.9.1: Leg Press + IMU System

We used the trapezoidal method, the steps of which are described below, for calculation of lower
extremity muscle power.

Acceleration data for all the trials was recorded by the Notch smart phone application and
downloaded to an Excel file.

Bias Correction:

The mean acceleration value of the calibration trail was calculated and subtracted from each of
the acceleration values of the leg press trials.

Calculation of Velocity:

The average acceleration was calculated by taking the average of two consecutive acceleration
values. For instance, average acceleration corresponding to the time point 0.004 equals:
Average Acceleration 0.004 (m/s?) = Acceleration 0.002 (m/s?)+ Acceleration_0.004 (m/s?)/2.
Next, the change in velocity (AV) was calculated by multiplying the average acceleration with
the sampling interval (0.002).

Change in velocity (m/s) = Average Acceleration (m/s?) * 0.002 (s).

The Absolute stack velocity was calculated and updated after each sampling interval. This was
done by adding the new AV and the previous absolute velocity, assuming the absolute stack
velocity for the first sampling interval equals to 0. For instance, the absolute stack velocity
corresponding to the time point 0.004 equals:

Absolute Velocity 0.004 (m/s) = Absolute Velocity 0.002 (m/s) + AV_0.004 (m/s).
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Calculation of Force:

The force applied to perform a leg press was calculated by multiplying the participant’s body
mass with the acceleration of weight stack after accounting for gravity.
Force (Newtons) = Participant_mass (kg) *(Acceleration-(-9.81)) (m/s?)

Calculation of Power:

Power was calculated as the product of the force and the absolute velocity.
Power (Watts) = Force (N) * Absolute Velocity (m/s)

Maximum Force, Velocity and Power:

Force —, velocity — and power — time curves were used to determine maximum force, velocity
and power for the leg press movement. The Y — axes represented force (N), velocity (m/s) and
power (W) and x - axes represented time (s). The beginning of leg press movement was
identified as a positive deflection of more than 2 standard deviations from the average baseline
on the y — axes. The end of the movement was marked as a return to the value used to identify
the start of the leg press. This was done using the conditional formatting feature in Excel that
highlighted all the values greater than 2 standard deviations above the average baseline values.
The maximum function in Excel was used to determine the peak value on the curve. These
curves were used to identify the maximum values corresponding to the leg press movement and
to avoid misinterpreting the values corresponding to the impacts created by the collision of
weight stack. This data processing was performed for all the participants for all the 3 trials. The
mean of the three; maximum force, velocity and power values was calculated and used for

subsequent statistical analysis.
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4.9.2: Force Plate Jump Test

We used the trapezoidal method, the steps of which are described below, for calculation of lower
extremity muscle power. These calculations were demonstrated by Harman and colleagues®® to
calculate lower extremity muscle power during a jump test.

Bias Correction:

The ‘zero calibration trial’ recorded during data collection was used to calculate the bias in
recorded VGRF. A custom program, written in MatLab™ 2016b (The Mathworks Inc., USA),
was used to correct this bias.

The data files for the jump trials were then downloaded to Excel. These files consisted of vertical
ground reaction forces (VGRF) from the left (L _Fz) and the right (R_Fz) force plate.

Calculation of Force:

The total VGRF was calculated by the sum VGRF from the left (L_Fz) and right (R_Fz) force
plates.

Total VGRF (N) =L _Fz (N) +R_Fz (N)
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Calculation of Velocity:

A series of calculations, similar to those described for the leg press + IMU system, were required
to calculate the absolute velocity of a jump. First, the average VGRF was calculated by taking
the average of two consecutive total VGRF values. For instance, average VGRF corresponding
to the time point 0.004 equals:

Average VGRF 0.004 (N) = Total VGRF 0.002 (N) + Total VGRF 0.004 (N) /2.

Next, the net force was calculated. This is the force applied by participant resulting in upward
movement of the body. This was calculated by subtracting the mean static VGRF from the
corresponding average VGRF. The mean static VGRF was calculated as an average of 1000
Total VGREF values for initial 2 seconds of data recording when the person is in the squat
position on the force plates.

Net Force (N) = Average VGRF (N) — mean static VGRF (N)

The change in velocity (AV) was calculated as:

Change in Velocity (m/s) = (Net_Force (N) * Sampling_interval (s)) / Participant_mass (kg)
Lastly, the absolute velocity was calculated for each time point. This was done by adding the
new AV and the previous absolute velocity. For instance, absolute velocity corresponding to the
time point 0.004 equals to:

Absolute Velocity 0.004 (m/s) = Absolute_Velocity 0.002 (m/s) + AV_0.004 (m/s)

Calculation of Power:

The calculated total VGRF and the absolute velocity were multiplied to obtain Power.

Power (Watt) = Total VGRF (N) * Absolute Velocity (m/s)
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Maximum Force, Velocity and Power:

Force —, velocity — and power — time curves were used to determine maximum force, velocity
and power for the squat jump movement. Y — axes represented force (N), velocity (m/s) and
power (W) and x - axes represented time (s). The beginning of squat jump movement was
identified as a positive deflection of more than 2 standard deviations from the average baseline
on the y — axes. The end of the movement was marked as a return to the value used to identify
the start of the squat jump. This was done using the conditional formatting feature in Excel that
highlighted all the values greater than 2 standard deviations above the average baseline values.
The maximum function in Excel was used to determine the peak value on the curve. These
curves were used to identify the maximum values corresponding to the squat jump movement
and to avoid misinterpreting the values corresponding to the impacts created by participant
landing on the force plates. This data processing was performed for all the participants for all the
3 trials. The mean of the three; maximum force, velocity and power values was calculated and

used for subsequent statistical analysis.

4.10: Statistical Analysis

Descriptive statistics for lower extremity maximum power, maximum force, and maximum
velocity (means and standard deviations) were used to describe the study population. All three
parameters were analysed for normal distribution using histograms and the Shapiro-Wilk
statistical test. To explore and understand the data, comparisons between parameters from the 2
measurement systems were made using Pearson’s product moment correlation test and paired t-
tests. The maximum power from the two measurement systems was also compared using the
boxplots. The difference between maximum power from the two systems was assessed for

normal distribution using histograms and the Shapiro-Wilk statistical test. To serve the objective
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of this study, Bland and Altman analysis was used to determine the agreement between power
determined using the leg press + IMU system and the force plate jump test. The presence of any
statistically significant systematic or proportional bias in the Bland and Altman plot, was
analysed using t-test and general linear regression analysis, respectively. Statistical Package for
the Social Sciences (IBM SPSS Statistics 25) was used for all the statistical analyses of this

study.
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CHAPTER: 5 RESULTS
A total of 21 participants were recruited for this study. The participant characteristics are presented
in Table 5.1.

Table 5.1: Participant Characteristics

N 21
Females (%) 38
Age (years) 23.7+£2.8

Mass (kg) 76.6 £17.0
Leg length (cm) 66+4

Participant characteristics presented as the mean + SD
Leg length (cm) was calculated as the straight distance from the right greater trochanter to the
surface that supported the feet (See Section 4.6.2)

5.1: Maximum Lower Extremity Power

Table 5.2 presents the mean + SD values of maximum power, maximum force and maximum
velocity for all the participants measured using the force plate jump test and the leg press + IMU
system. Individual participant values of maximum force, velocity and power are presented in
Appendix H, I and J, respectively. The individual participant values of maximum power
calculated using the force plate jump test and the leg press + IMU system were analysed to
confirm that they were normally distributed. The Shapiro-Wilk test demonstrated that the results
were not significantly different from the normal distribution with a significance value of 0.69
and 0.44 for the force plate jump test and the leg press + IMU system, respectively. The
histograms and test results for normality are presented in Appendix K, L, M and N. The
correlation between the mean maximum force, velocity and power between the 2 measurement
systems was assessed using Pearson’s product moment correlation. This analysis demonstrated
that maximum power and force were correlated whereas the maximum velocity was not (Table
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5.2). Paired t-tests were used to assess whether there were significant differences between the
parameters from the 2 measurement systems. Maximum power and force were significantly
different whereas the velocity was not (Table 5.2). The maximum power from the two
measurements was also compared graphically using boxplots (Figure 5.1). The box plot
comparison compliments the results in Table 5.2, showing that the median and the range of the
maximum power calculated from the force plate jump test was greater than that for the leg press
+ IMU system. The greater range and longer whiskers for the force plate jump test indicates
greater variability among the participants compared to the leg press + IMU system measured

power. The box plots also revealed that no outliers were present in the data for either

measurement.
Table 5.2: Force, Velocity and Power
Force Plate Leg Press + IMU t - test Correlation
Jump Test System Coefficient
Maximum Force (N) 1693.9 +394.4 1393.5+319.9 | p<0.001 r=0.9%
Maximum Velocity (m/s) 23+0.2 22+£03 P=0.130 r=0.2
Maximum Power (W) 3278.1 £955.7 24382 +777.8 | P<0.001 r=0.7*

Values represent the mean = SD of the maximum lower extremity force (Newtons), velocity
(meters/second) and power (Watts), measured using the force plate jump test and the leg press +
IMU system. Paired-sample t-test and Pearson’s product moment correlation coefficients were
used to compare the results. ‘*’ indicates a statistically significant result at p< 0.05.
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Figure 5.1: Box plots of the maximum lower extremity power (Watts)

The plot presents power from the force plate jump test (left) and leg press + IMU system (right).
The box represents the median (solid horizontal line inside the box), and the 2" and 3™ quartiles
(the boxes on either side of median) of the leg power data. The upper and lower whiskers
represent the 1% and 4™ quartiles.

Bland-Altman analysis (Figure 5.2) was performed to determine the agreement between the two
power measurements. The maximum lower extremity power for all the participants measured by
both methods lies within the limits of agreement and are spread equally on both sides of the
mean. The mean difference between both the measurement methods was 839.94 Watts with a
standard deviation of 644.71 Watts. This difference is positive for all the participants indicating
that power calculated from the force plate measurements was always higher than that calculated
using data from the leg press + IMU system, identifying a systematic bias in the data. The bias is
called a proportional bias when the difference between the two measurement methods is
observed to increase or decrease by an amount that is proportional to the mean value. We did not
find any signs of proportional bias on our Bland — Altman plot. To further confirm our
interpretation regarding the systematic and the proportional biases, post — hoc analyses were

performed.

50



Maximum_Power

2500
-----------------f----------

- 2000
= ° R2=0.0873
£ |R?=0.0873)
= ° ¢
T 1500 i
Q
3 . .
a.

I 1000 L4 L
£
=
£ >

X
§ 500 . . ., .

I ¢ ®e o

w °

e 0 .

Q

} .
Q

-1000
0 1000 2000 3000 4000 5000 6000

Mean_Maximum_Power (Watts)
Figure 5.2: Bland-Altman Plot of the maximum lower extremity power (Watts) comparing
force plate jump test and the leg press + IMU system
The x-axis represents the mean of force plate and leg press power for all the participants and the
y-axis represents the difference between the means of the force plate and leg press power. The
solid line represents this mean difference across the range of maximum power values. The dotted
lines represent the limits of agreement which were set to + 1.96 SD. The orange line represents
the linear regression of the mean_maximum_power with respect to the
difference_maximum_power for the two measurement methods. R indicates the proportion of
variance explained by the mean _maximum_power.

Proportional Bias: To confirm the absence of proportional bias, a post-hoc analysis was
performed using simple linear regression. The difference between the force plate and leg press
power was set as the dependent variable and the mean of force plate and leg press power was set
as the independent variable. The linear regression line can be seen in Figure 5.2. The results of
the regression (F = 1.88, p = 0.19) demonstrate that there was no significant proportional bias

present between the two measurement methods. A power analysis of the regression, using the G-

51



Power software (Heinrich-Heine-Universitit Diisseldorf), returned a power of 0.3, which

suggests that the study sample size was too small to confirm the lack of proportional bias.

Systematic Bias: The magnitude of the difference in maximum power between the two
measurements was substantially different among the participants (Appendix I). The force-time
curves for all the participants were examined to explore the reasons for this difference. This
revealed that 10 of the 21 participants appeared to have performed a countermovement, arm-
swing or trunk movement before the squat jump. This was defined as a negative deflection of
more than 2SD from the average baseline force before the jump on a force — time curve!®. The
jump was defined as a positive deflection of more than 2SD from the average baseline force on a
force — time curve. Figure 5.3 and 5.4 demonstrate the force — time curve (x — axis represents
force (Newtons) and y — axis represents time (seconds)) for two representative participants who

did and did not perform a countermovement.
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Figure 5.3: Force — Time curve of a participant demonstrating a countermovement

The x-axis represents time in seconds and the y-axis represents the force in Newtons. The
countermovement is visible as a negative deflection in baseline force preceding the jump. The
jump is visible as a positive deflection in the baseline force.
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Figure 5.4: Force — Time curve of a participant who does not use a countermovement
The x-axis represents time in seconds and the y-axis represents the force in Newtons. The

absence of a countermovement is visible as no negative deflection in the baseline force preceding
the jump. The jump is visible as a positive deflection in the baseline force.

We performed a subgroup analysis for the participants who did and did not perform a
countermovement to determine whether this difference affected the maximum power obtained
from the two measurement tools. The analysis revealed that the difference in maximum power
between the two tools was 1423.30 + 408.7 Watts for the participants who performed the
countermovement (Appendix O) compared to only 309.61 + 176.89 Watts for participants who
did not (Appendix P). This study aimed at determining the concurrent validity based on the
Bland-Altman analysis by comparing the maximum power for the squat jump without a
countermovement, arm-swing or trunk movement and the leg press performed on our new leg
press + IMU system. Bland-Altman analysis (Figure 5.5) for the subgroup of 11 participants that
did not use countermovement demonstrated the agreement between the two power
measurements. The maximum lower extremity power for all of these participants measured by
both methods lies within the limits of agreement and the data points are spread equally on both
sides of the mean. The mean difference between both the measurement methods was 309.61 +
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176.89 Watts. This difference was positive for all the participants indicating that power
calculated from the force plate measurements was still higher than that calculated using data
from the leg press + IMU system, identifying a systematic bias in the data. The maximum force,
velocity, and power measured by the force plate jump test and the leg press + IMU system were
compared for the participants who did not perform the countermovement (Table 5.3). The results
show that the difference in maximum power observed between our two measurements remained
statistically significant (»p<0.05). To further explore the reasons for the significant difference in
maximum power between the two measurements among the subgroup who did not perform a
countermovement, arm-swing or trunk movement, several additional analyses were performed

for this subgroup.
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Figure 5. 5: Bland-Altman Plot of the maximum lower extremity power (Watts) comparing
force plate jump test and the leg press + IMU system in a subgroup that did not use
countermovement

The x-axis represents the mean of force plate and leg press power for all the participants and the
y-axis represents the difference between the means of the force plate and leg press power. The
solid line represents this mean difference across the range of maximum power values. The dotted
lines represent the limits of agreement which were set to £ 1.96 SD. The orange line represents
the linear regression of the mean maximum_power with respect to the
difference_maximum_power for the two measurement methods. R? indicates the proportion of
variance explained by the mean maximum_power.

Table 5.3: Participants not using a Countermovement: Force, Velocity and Power

Force Plate | Leg Press + IMU t - test Correlation

Jump Test System Coefficient
Maximum Force (N) 1580.3 £359.2 | 1364.7+318.3 p <0.001 r=0.9%
Maximum Velocity (m/s) 2.1+0.2 2.0+0.3 p=0.031 r=0.8%

Maximum Power (W) 2862.1 £722.0 | 2552.5+821.6 p<0.001 r=0.9%

Values represent the mean + SD of the maximum lower extremity force (Newtons), velocity
(meters/second) and power (Watts) measured using the force plate jump test and the leg press +
IMU system. Paired-sample t-tests and Pearson’s product moment correlation coefficients were
used to compare the results. ‘*’ indicates a statistically significant result at p< 0.05.
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5.2: Reasons for Power Differences in Participants Who Did Not Use a
Countermovement, arm swing or trunk movement in the Squat Jump

Maximum power is the product of maximum force and velocity. In this study, maximum force
corresponds to the amount of weight being pushed/lifted times the acceleration at which it is
pushed. The weight to be pushed/lifted was the same in both tests but, our results show that
maximum force was significantly different between the two measurements (Table 5.3).
Therefore, the acceleration during the two movements must have been different, which could
account for the differences in maximum power. Acceleration is the rate of velocity development
for the movement. Velocity is how fast the movement was performed. Our results show that
maximum velocity was significantly different between the two measurements (Table 5.3). This
indicates that one movement must have been performed in less time than the other. To better
understand this and the difference in acceleration (rate of velocity development), the duration
and the rate of maximum force, velocity and power development between the 2 assessment
techniques were examined. All analyses in the subsequent sections are limited to the concentric
phase of the movement. For the squat jump, this was defined as the time from movement
initiation to the time the participant left the ground. For the leg press, the concentric phase was
defined as the time from movement initiation to the time at which the legs were fully extended.
5.2.1: Duration: Squat Jump and Leg Press Movement

The duration of movements was determined using the power — time curves. A power — time
curve was plotted for all the three trials for each of the 11 subgroup participants. The x — axis
represented power (Watts) and the y — axis represented time (seconds). On the power time curve,
the concentric phase of the movements was determined as the power data points greater than
2SD from the average baseline power on y — axis. The x — axis values corresponding to this part

of curve was considered as the duration of the concentric phase of movements in seconds. The
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duration was calculated for each of the three trials for each participant for both the
measurements. The mean of the three durations were compared between the two measurements.
The comparison revealed that the duration of the squat jump was significantly less (p < 0.05)
than that of the leg press movement (Table 5.4). The individual participant values for the
duration of the concentric phase of the squat jump and leg press time are presented in Appendix
Q and R, respectively.

Table 5.4: Analysis of Squat Jump and Leg Press Movement Duration

Movement Total Time (s)

Leg Press 0.8+0.2
Squat Jump 0.4+0.1
Difference 04+0.1*

Values represent the mean = SD values for the duration of the concentric phase (seconds) of the
squat jump and the leg press movements. All values are expressed as mean time + SD. *’
indicates a statistically significant difference at the p < 0.05.

5.2.2: Rate of Maximum Force, Maximum Velocity and Maximum Power Development

We analysed the rate of maximum power (Figure 5.5), maximum force (Figure 5.6) and
maximum velocity (Figure 5.7) development for both the squat jump and the leg press
movements. This was done using power —, force —, and velocity — time curves where x — axes
represented time and y — axes represented power (Watts), force (Newtons) and velocity (m/s),
respectively. The concentric phase of the movement was identified using the method described in
section 5.2.1 for each parameter independently on all the three curves. The mean of the 3 trials
was plotted against time for each participant for each measurement system. (Figure 5.5, 5.6 and
5.7) The maximum value for each parameter was identified from the mean curve. The rate of

development was calculated as the maximum for the parameter divided by the time taken to
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achieve that maximum''”

. The Table 5.5 presents the comparison of the rate of maximum power
(W/s), force (N/s) and velocity (m/s?) development for the squat jump and leg press assessments.
These analyses demonstrate that the rate of power and velocity development were significantly
faster during the squat jump than the leg press movement whereas, the rate of force development
was quite similar between the two. The power —, force —, and velocity — time curves (Figure 5.8,
5.9, 5.10, respectively) for one representative participant not using the countermovement were

also plotted for easier comparison of the two movements.

Table 5.5: Rate of Maximum Force, Maximum Velocity and Maximum Power
Development

Rate of Development

Squat Jump Leg Press t - test
Maximum Force (N/s) 2707.2 +1427.4 2511.2+1186.6 p=0.371
Maximum Velocity (m/s?) 6.67+2.6 5.05+1.6 p=10.002
Maximum Power (W/s) 9883.9 +4481.0 6072.1 +£2546.9 p=10.002

Values represent the mean + SD of the rate of maximum force (Newtons/Second), velocity
(meters/Second?) and power (Watts/Second) development during the squat jump and leg press
movements for participants not using a countermovement. Paired-sample t-test was used to
compare the results.
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Figure 5.6: Rate of maximum power development for the concentric phase of the squat jump
and leg press for participants not using countermovement

The x-axis represents time in seconds and the y-axis represents the lower extremity power in
Watts. The power during the squat jump is represented by the blue lines and that for the leg press
is represented by the orange lines. Each line represents the mean power — time curve for the three
trials.
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Figure 5.7: Rate of maximum force development for the concentric phase of

the squat jump and leg press for participants not using countermovement

The x-axis represents time in seconds and the y-axis represents the force in Newtons. The force
during the squat jump is represented by the blue lines and that during the leg press is represented
by the orange lines. Each line represents the mean force — time curve for the three trials.
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Figure 5.8: Rate of maximum velocity development for the concentric phase of

the squat jump and leg press for participants not using countermovement

The x-axis represents time in seconds and the y-axis represents the velocity in meters/second.
The velocity during the squat jump is represented by the blue lines and that of the leg press is
represented by the orange lines. Each line represents the mean force — time curve for the three

trials.
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Figure 5.9: Power—Time Curve of a representative participant not using countermovement

The curves represent rate of power development in a representative participant during the
concentric phase of the squat jump and the leg press movement. The x-axis represents time in
seconds and the y-axis represents the power in watts. Each line represents the mean force — time
curve for the three trials.
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Figure 5.10: Force-Time Curve of a representative participant not using countermovement
The curves represent rate of force development in a representative participant during the
concentric phase of the squat jump and the leg press movement. The x-axis represents time in
seconds and the y-axis represents the force in Newtons. Each line represents the mean force —
time curve for the three trials.
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Figure 5.11: Velocity—Time Curve of a representative participant not using countermovement
The curves represent rate of velocity development in a representative participant during the
concentric phase of the squat jump and the leg press movement. The x-axis represents time in
seconds and the y-axis represents the velocity in meters/second. Each line represents the mean
force — time curve for the three trials.
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CHAPTER: 6 DISCUSSION
This study aimed to use Bland-Altman analysis to evaluate the concurrent validity of a new
method for measuring maximum lower extremity extension power by comparing values
calculated using data from our newly developed leg press + IMU system with those obtained
from a squat jump test on research-grade force plates. The load in each test equaled body weight.
The objective was to determine if the new method could replace the force plate jump test and be
used for exercise prescription. Bland-Altman analysis demonstrated a systematic difference of
840 Watts, with the force plate jump test power always being higher than our new leg press +
IMU system. However, the magnitude of this difference was not consistent among the
participants. Inconsistencies in jump technique and the load between the two systems appeared to
account for much of the difference in maximum power. Accounting for these discrepancies, the
difference in maximum power measured by the two systems was negligible and unlikely to have

any significant effect on exercise prescription.

A careful examination of participant force — time curves demonstrated a negative deflection in
force prior to the jump in a subgroup of 10 (9 males) participants. This deflection could have
been due to participants using a countermovement prior to the jump. A squat jump should be a
purely concentric activity that does not incorporate a countermovement, arm-swing or trunk
movements that results into eccentric contraction prior to the jump'!!. Visual checks facilitated
by a laser light focused on the greater trochanter did identify some people who used a
countermovement. In these cases, participants repeated the jump to produce a pure squat jump. It
is possible other countermovement were missed. The study protocol did not have specific
instructions to limit arm or trunk movements which may have caused negative deflections on the

force-time curves'!?. It is well established that the initial rapid eccentric contraction of a stretch-
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'3 Numerous

shortening cycle prior to jumping accentuates the subsequent jump performance
investigations have demonstrated this using jump height as an outcome measure''*!'>!16_ Jump
height is an indicator of the ability to produce maximum lower extremity power in healthy young
adults®®. A study by Hara and colleagues in 5 males (mean age: 27.6+3.8 years) documented that
use of arm-swing increased vertical jump height by 18% (p<0.05) when used during a squat
jump!!'”. Another study by Floria and colleagues reported a significant increase of 18.7% in
vertical jump height with the use of arm-swing during a countermovement jump in 20 females
(mean age: 22.3+3.1 years)!!®. There are inconsistencies in the literature regarding the magnitude
of difference in power between the countermovement + arm-swing jump and the squat jump.
However, the countermovement jump + arm-swing is always reported to produce greater power

than the squat jump. Harman and colleagues'!”

assessed the difference in power during a squat
jump and a countermovement jump with arm-swing by recording the VRGF measured on force
plates in 18 males (mean age: 28.5+6.9 years). They reported a difference of 634 Watts between
maximum lower extremity power during a countermovement jump with arm-swing as compared
to a squat jump. Another study by Walsh and colleagues'? reported a difference of 683 Watts
between the countermovement jump with arm-swing and the squat jump power in 25 healthy
young males (mean age: 21.4+1.7 years). On the other hand, Bosco and colleagues'?! reported a
much larger difference of 1158 Watts in muscle power between the countermovement and a
squat jumps among healthy young males. The present study demonstrated a mean difference of
1423 Watts between the two measurement systems in participants who performed a
countermovement compared to only 310 Watts in those who did not, consistent with literature

demonstrating enhanced power with a countermovement jump and countermovement + arm-

swing jump. Bland-Altman analysis using data from participants who did not use a

65



countermovement demonstrated that two methods were in agreement and may be used

interchangeably.

Despite this, the 310 Watts difference between the two measurement systems was statistically
significant. One plausible cause for the difference in the power in those who did not use the
countermovement may be the difference in acceleration observed between the 2 movements.
Acceleration produced during the leg press was less than that for the squat jump. In hindsight, it
appears that participants had to push more weight during the leg press movement than in the
squat jump. We used the maximum dynamic output theory!'® to determine the optimum load for
maximum power development during the squat jump. This theory states that power is greatest
when the jump load is equal to a person’s body weight. Therefore, to standardize the testing
conditions we set the leg press load equal to the participant’s body weight. However, we did not
consider that the subject not only pushes the load of weight stack but also the weight of their
lower extremities. Plagenhoef and colleagues'? report that the legs account for nearly 35% of
body weight. Therefore, we hypothesize that this higher load for the leg press system may have

led to lower acceleration, and therefore lower power when compared to the jump test.

Several studies have examined the effect of changes in load on acceleration and power during a
squat jump. They reported significantly lower values for acceleration and power under positive
loading conditions!%®123:124 Positive loading has been achieved by using a pulley cam or

123 or with the help of a barbell over the shoulders'?*.

overhead harness'%®, weighted vests
Cormie and colleagues'** applied a positive load equal to 25%, 50%, 75% and 100% of the body
weight in 18 young males using a barbell and reported a linear decrease (R?=1) in acceleration in

the squat jump. By extrapolation, setting the additional load to 35% of the body weight reduced

the acceleration by 2 m/s?. This reduction is similar to the 1.6 m/s? difference between the leg
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press + IMU system and the force plate jump test seen in the current study. Driss and

23 examined the effects of positive loading on maximum lower extremity power in 20

colleagues!
young males and females. They used a weighted vest equal to 7% and 14% of the body weight
during the squat jump and reported a linear (R? = 1) decrease in muscle power of nearly 69 Watts
(7% body weight) and 137 Watts (14% body weight) under the two weighted conditions. By
extension, muscle power would be decreased by 342 Watts with a positive load of 35% of body
weight, which accounts for the weight of lower extremities in this study. This decrease in power

is very close to the difference between the two measurement systems in the subgroup of

participants who did not perform a countermovement in the present study.

An advantage of the leg press + IMU system compared to a jump test is the supported position
during the test, which improves testing safety for people with impaired balance. Another concern
is that the explosive nature of jump tests may make them unsafe for people with balance issues!®
and osteoporosis'®. The duration of the concentric phase of squat jump in this study was 50%
shorter than that of the leg press movement. Also, although significant (p = 0.03), the difference
in maximum velocity between the two measurement systems was only 0.1 m/s. This suggests
that the participants were able to achieve similar maximum velocities during both measurements
but the return to baseline, after achieving the maximum velocity, was much slower during the leg
press movement. Therefore, the leg press movement was more controlled compared to the squat
jump, which was more explosive in nature. These features make the leg press + IMU system

safer than a squat jump for assessing lower extremity multi-joint extension power in older and

frail individuals.

67



6.1: Limitations and Future Directions

Load differences between the 2 systems: The weight pushed/lifted by participants in the
two measurement systems was different, which led to the systematic difference in maximum
power. The impact of this difference was estimated by assigning 35% of subject’s body
weight to the legs. Using the estimate, power calculated by the leg press + IMU system was
essentially the same as that from the squat jump. Future research should assess the leg weight

to determine the accuracy of our estimated power.

Undetected countermovement, arm-swing, trunk motion: The presence of what appeared
to be an undetected countermovement contributed to a discrepancy in power between the two
measurement systems. A future study should use real-time analysis of the force — time

relationship during the jump to overcome this limitation and confirm the positive findings of

the current study.

Sample size: The sample size estimate for this study was 17 participants but we had only 11
participants who did not use a countermovement in the squat jump. In these participants, the
estimated power, accounting for the effect of leg weight, suggested that there was no
difference in power between the leg press + IMU system and squat jumps performed on force

plates. This result should be confirmed in a larger group of participants.

Leg Press Seating: The Hoist leg press has a partially reclined back support which may
cause some level of low back discomfort. Studies have shown that prolonged sitting in a
reclined position may contribute to low back pain'?® but there is no published evidence that

sitting for a short duration as required for testing using the leg press + IMU system creates
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low back pain. The incidence and intensity of low back pain should be assessed when the

new tool is initially used in older individuals.

6.2: Strengths

Despite its limitations, this study had several strengths.

The leg press + IMU system can be used in a clinical setting. It was easy and inexpensive to
modify the leg press to assess power. The kit of 6 Notch IMUs cost only $379 USD and
works with a smartphone application to provide the acceleration used to calculate power.
Those calculations can be entered in an Excel spreadsheet providing a quick and easy method

of obtaining power.

The leg press + IMU system provides stability and reduced joint compressive forces

compared to jump tests, making it safer for older or frail people.

The leg press movement is similar to functional activities and allows for congruence between

testing and training.

The leg press + IMU system provides an accurate assessment of maximum lower extremity
multi-joint extension power, which can facilitate the ability to prescribe power training.
Currently, the American College of Sports Medicine'?® recommends training at 60% of the 1
RM, which only quantifies strength. Furthermore, the best approach to training lower
extremity power and its translation to functional activities is unclear. The leg press + IMU

system will facilitate research on this important question.
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CHAPTER: 7 CONCLUSION
This study aimed to determine the concurrent validity of the new leg press + IMU system to
measure multi-joint lower extremity extension power in young adults. This was done by
measuring the agreement between the results of lower extremity power obtained from this
system with that obtained from a squat jump on force plates using Bland-Altman analysis. In the
subgroup of participants that did not perform a countermovement, the maximum power
measured by our new leg press + IMU system was not different from that measured by the force
plate squat jump test after accounting for the additional load of lower extremities on the Bland-
Altman analysis. Therefore, the leg press +IMU shows concurrent validity with multi-joint
power assessed using a squat jump on research-grade force plates in young adults. The results of
this study should be followed up to determine if the tool is applicable in an older population for

whom jump tests, another assessment of multi-joint lower extremity power, are not applicable.
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Appendix B: Study Advertisement Poster

DALHOUSIE
UNIVERSITY

Participants Needed

Developing a Clinically Useful Method of Measuring Leg Muscle Power

Purpose: To compare muscle power assessed using a leg press machine and a squat jump
test

Task: You will perform a small number of squat jumps and leg presses
You should be:

e Of age between18-40 years

e Able to perform a squat jump and leg press without any discomfort

Length of study: 1.5 hours (one visit study)

Location: 4" floor, Forrest Building, 5869 University Avenue

For more information, or to volunteer, please contact: Purva Trivedi (MSc candidate) at
pr840293@dal.ca
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Appendix C (I): Participant Screening Phone Call Interview Script

% DALHOUSIE
UNIVERSITY

Hello, my name is Purva Trivedi. I am a graduate student at School of Physiotherapy, Dalhousie
University. This phone call is in response to your interest in my research.

Is this a good time to talk to you about the research? It will probably take about 10 minutes.

No: That is fine. When would be a better time to contact you?
Yes: Continue conversation

My research project compares the results of leg muscle power assessed using a leg press machine
versus using a squat jump test on force plates in young healthy people. A squat jump is jumping
from a half squat position. Half squat is an action like sitting in an imaginary chair placed behind
you.

Participation in this research will involve performing 6 squat jumps on the force plates and 6 leg
presses with rests between each. Your entire visit will take approximately 1.5 hour. All the
testing will take place at School of Physiotherapy, Dalhousie University.

Do you have any questions about the study so far?

Yes: Answer these.
No: Continue.

If you are still interested in participating in the research, I need to ask you some questions to
make sure that it is safe for you. There are seven questions in total. I will read all the questions.
Please listen to them carefully and note down your answer, either YES or NO to all of them.

1. Do you, or would you have difficulty doing a half squat?
(Half squat is an action like sitting in an imaginary chair placed behind you.)

2. Do you, or would you have difficulty jumping from a half squat position?
3. Have you had any loss of balance resulting in a fall in the past?
4. Have you had any muscle, bone or joint injuries treated with or without surgery in

past 16 weeks?
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5. Do you have any muscle, bone or joint problems that would affect your ability to
perform a half squat jump?

6. Are you receiving any treatment for any of your muscle, bone or joint injuries or
problems?

7. Do you have any allergies to adhesive tapes?

Did you answer ‘YES’ to any of the questions?

Yes: 1 would like to inform you that this study might not be safe for you and we cannot
include you in this study. Thank you for expressing you interest in this research and giving
your time today.

No: 1would like to inform you that you meet all the criteria for this study. If you wish to
continue participating, [ will send you the informed consent form which
explains the study, its procedures, the risks and benefits associated with in detail.
Please go through the consent form thoroughly, do not hesitate to ask any question
that you have about the study. Thank you for expressing your interest in this research
and giving your time today. You can reach me at the email address provided in the
study advertisement.
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Appendix C (IT): Participant Screening Form

% DALHOUSIE
UNIVERSITY

Title: Measurement of multi-joint lower extremity extension power using a clinically applicable
leg press tool: The Concurrent Validity

Participant Screening Form

1. Do you, or would you have difficulty doing a half squat?

Half squat is an action like sitting in an imaginary chair placed behind you.

2. Do you, or would you have difficulty jumping from a half squat position?

3. Have you had any loss of balance resulting in a fall in the past?

4. Have you had any muscle, bone or joint injuries treated with or without surgery in past 16
weeks?

5. Do you have any muscle, bone or joint problems that would affect your ability to perform a
half squat jump?

6. Are you receiving any treatment for any of your muscle, bone or joint injuries or problems?

7. Do you have any allergies to adhesive tapes?
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Appendix D: Consent Form

% DALHOUSIE
UNIVERSITY

Project title: Measurement of Multi-Joint Lower Extremity Extension Power Using A Clinically
Applicable Leg Press Tool: The Concurrent Validity

Lead researcher:

Purva Trivedi, MSc RRPT (Candidate)
School of Physiotherapy

Dalhousie University.

Email: pr840293(@dal.ca

Tel: +1(902)-329-8867

Research Supervisor

Gail Dechman BSc PT, PhD

Assistant Professor

School of Physiotherapy and School of Health and Human Performance
Affiliate Scientist, Department of Medicine — Respirology, NSHA

Rm 430, Forrest Building

Dalhousie University

Halifax, NS B3H 2R4

Email: gdechman(@dal.ca

Tel: 902-494-2734

Funding provided by: Unfunded
Introduction

We invite you to take part in a research study being conducted by Purva Trivedi, a graduate student
at Dalhousie University as part of her MSc Rehabilitation Research Physiotherapy program.
Choosing whether to take part in this research is entirely your choice. Before you decide, you need
to understand few important things like what is involved in the research, what you will be asked
to do and about any benefit, risk, inconvenience or discomfort that you might experience. This
consent form explains all these things in detail.

Please read this consent form carefully. Take your time, mark anything you don’t understand or
want explained better. After you have read it, please ask questions about anything that is not clear.

The researchers will:
e Discuss the study with you
e Answer your questions
e Be available during the study to deal with problems and answer your questions
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You are being asked to take part in this study because you replied to our study advertisement and
you meet the study requirements.

Purpose and Outline of the Research Study

We perform numerous activities in our daily life like walking, climbing stairs, and rising from a
chair or bed. These activities depend on leg muscle power. Muscle power is the capacity of our
muscles to perform fast and forceful movements. Unfortunately, this muscle power begins to
decrease as people age, and this may result in a loss of independence. We can exercise our muscles
to delay this decrease in power but, we need to be able to measure the baseline muscle power
before we start exercising. Hence, the measurement of muscle power is important.

Force plates are instruments available in research laboratories that measure the forces produced
when someone stands or moves (walking, jumping, etc.) on them. These forces can be used to
calculate leg muscle power. Squat jumps (explained later) performed on force plates are commonly
used to measure leg muscle power. However, jumping may not be safe in an older population and
these force plates are very expensive. Therefore, force plates not appropriate for use in
physiotherapy clinics.

The purpose of this study is to develop a new method of measuring leg muscle power that is
affordable, can be used in a physiotherapy clinic and is safe in all age groups. Power determined
using this new method must be accurate so we will compare it to power assessed with a force plate.
Currently we are assessing leg muscle power in young individuals as jump tests are safe to be used
in this population. Once we establish that the new method can assess leg muscle power correctly,
future research can be performed to determine whether the technique is accurate and safe in older
individuals.

Our new method of assessing leg muscle power uses a leg press machine like the ones in gyms
and an inertial measurement unit (IMU). IMU is a sensor that measures how fast any movement
was performed. We will attach this sensor to the weight stack of the leg press machine and use this
information to calculate muscle power. We will compare the results of this method with power
calculated during a squat jump on a force plate. We will have 22 people take part in the study.
Each person will have 1 assessment visit that will take 1.5 hours. During the visit you will be asked
to complete 6 leg presses and 6 squat jumps.

Who Can Take Part in the Research Study?

You may participate in the study if you:
e are between 18 to 40 years
e are able to perform a squat jump (jump from a body position like figure 4) without any
discomfort
e are able to perform a leg press (push a weight away from your body with your legs like
figure 1) without any discomfort
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You may NOT participate in this study if you:
e have had a loss of balance that resulted in a fall with or without injury
¢ have any history of leg muscle, bone or joint injuries in past 4 months
e are receiving care for leg injuries
e have allergies to adhesive tapes

What You Will Be Asked to Do?

All testing will be done in Room 414, lab 415 and lab 314 at the School of Physiotherapy in the
Forrest Building, Dalhousie University. This is a single visit study. The duration of you visit will
be 1.5 hours.

We will meet you in Room 414, School of Physiotherapy in the Forrest Building, Dalhousie
University. At that time, we will discuss the study procedures in detail and answer all your
questions. If you are still interested in participating, you will sign this consent form. Then we will
begin the study measurements. For all the study measurements we will need you to be dressed in
running shorts and shoes. There is a private space in Room 414 to change your clothes. We will
first measure your weight using a digital scale like one you might have in your bathroom. Then,
we will move on to our first measurement — the Leg press.

Leg Press Method

This will take place in lab 415. We will first clean the area around your right knee with an alcohol
swab. We will then attach an instrument called an electronic goniometer at your right knee (see
figure 1) using an adhesive tape. This measures the knee angle. Then you will sit in the leg press
seat and place your feet on specific markings (see figures 1 & 2). In this position we will wrap 2
straps across your waist and hip joints to make sure that you do not move during the test. We will
use another strap to secure your feet to the footplate (see figure 1). In this position, we will measure
your leg length - the distance between your hip joint and the leg press footplate, using a measuring
tape. We will also record your right knee joint angle in this position.

You will then perform a short warm-up session. For this, we will set the weight to be pushed on
the leg press machine equal to half of your measured body weight. You will perform 4-6 leg press
at this weight. Next, we will change the weight to 70% of your body weight and you will perform
2-4 leg press at this weight. Then, we will change it to 90% of your body weight and you will
perform 1 leg press at this weight.

Following this, we will begin with the study trials. For this, we will set the weight to be pushed on
the leg press machine. This will equal to your measured body weight. You will then be asked to
perform 3 practice leg presses to get used to the action and the weight to be pushed. Following this
you will perform another 3 leg press actions in which we will record your data. For all the leg press
actions you will have to push the footplate as fast and forcefully as possible. You will have a 2-
minute rest between each of the leg presses. At the end we will perform one more measurement in
which you remain seated in the leg press with your feet flat on the footplate and do not perform
any movement with your legs. This will take less than 5 seconds. Following this measurement,
you can stand up from the leg press. We will not remove the goniometer from to your knee as we
need it for the force plate measurements.
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Figure 1: Participant seated on the leg press seat with an electronic goniometer attached, feet
placed on the markings, waist-hip-feet stabilized with the belts.

Figure 2: Foot markings on the leg press footplate.

Force Plate Method

This will take place in lab 314. You will have to step on the markings of force plates (see figure
3). There are two force plates placed adjacent to each other. You will have to place one foot on
each force plate. The researcher will give you clear instructions about this. Once you are in
position, we will attach a colored paper tape on outer part of your right hip joint over your clothing.
You will then perform a short warm-up session. For this, you will perform 5-7 toe raises (raising
your body by standing on your toes), you will perform an action of running on the same spot for
30 seconds, 5-7 half squats and 5-7 squat jumps.
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Following this we will begin with the study measurements. For this, you will be asked to squat to
a specific height marked with the laser light source (see figure 4). The researcher will give you the
feedback and directions on bending or straightening your knees in order to meet the marked laser
height. This height is equal to your leg length measured on leg press machine. Once you are in this
position, we will record your right knee joint angle using the goniometer to make sure it is the
same as it was in the leg press. You will perform 3 practice jumps from this squat position to get
used to this action. You will be asked to jump as fast and forcefully as possible. After this, we will
ask you to perform 3 more jumps from the same squat position. We will record the data from these
3 jumps. You will have a 2-minute rest between each jump. At the end we will perform one more
measurement in which you will stand on the force plates without performing any movement for 2
seconds. We will then detach the electronic goniometer from your knee and clean the area of
adhesive tapes with an alcohol swab. This will end your session. You can change your clothes
before leaving if you wish.

Figure 3: Force plate foot markings
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Figure 4: Participant performing a squat on the force plate with electronic goniometer recording
the right knee angle and squat height matched with the laser light.

Possible Benefits, Risks and Discomforts

There are risks with this, or any study. The risks and discomforts associated with this study are
minimal, as you will be performing activities that someone might do in the gym. We do not want
to alarm you, but we do want to make sure that if you decide to participate in the study, you have

had a chance to think about the risks carefully.

Risks and Discomforts:

Maintaining your safety and comfort is one of our concerns. You have verified that you are able
to perform a squat jump, therefore, there is little chance that you would lose your balance and fall
during testing. For the same reason, there is a very small chance that you would twist your ankle
while landing the jump. In order to minimize these risks, we have handrails along the length of

force plates that you can use to steady yourself in case any loss of balance.

Beyond this, being bored or fatigued might be one possible discomfort. However, you will have
breaks between the activities to reduce this.

You may feel that the electronic goniometer attached to your knee and its wires restrict your leg
movement. We make sure that you can fully straighten your knee when we place the goniometer
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on your leg so this should not be a concern. Please speak to the researcher if you are worried about
this.

We will fold the extra length of wire and keep it away from you while jumping in order to prevent
any trips or falls.

There is a very small chance (0.033% of people) of having a skin reaction to the adhesive tape
used for attaching the goniometer. By answering “No” to the question about skin allergies on the
screening form, you would have an even small chance of having such a reaction.

Benefits:

Participating in this study might not benefit you directly, but we might learn things that will be of
benefit to others. Accurate assessment of muscle power can help to prescribe exercise to improve
power. This is particularly important in older individuals for whom impaired lower extremity
power affects the ability to perform essential activities of daily living and the ability to live
independently.

Compensation / Reimbursement:

You will not receive any compensation for participating in this study.
How your information will be protected:

Privacy:

Keeping your information private is an important concern of this study. Every effort will be made
to protect your privacy. No identifying information (e.g., your name) will be sent outside of
Dalhousie University. If in case when the results of this study are to be presented at conferences
or in journals, we will only present group data so nobody will be able to tell that you were a part
of this study.

If you decide to participate in this study, the research team will collect the following information:
e Name
e Age
¢ Body weight

Confidentiality:

To safeguard your privacy and keep your participation in the study confidential, you will be
assigned a specific participant code for this study (e.g., p01) and your study data will only be
identified using this code instead of your name. The document linking your name to your
participant code will be stored separately in a locked filing cabinet in Dr. Dechman’s office. Only
the lead researcher and supervisor will have access to this information. All the documentation
having your study data will be identified using participant code only.
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All paper copies of data associated with this study (including this consent form) will be stored in
a locked filing cabinet separate from your identifying information in Dr. Dechman’s office that is
accessible only to the lead researcher and Dr. Dechman via personalized pin codes. All electronic
files will be stored on a secure, password-protected computer that will be stored in a locked
filing cabinet in Dr. Dechman’s office. We will secure a back-up of all the electronic data of our
study on the lead researcher’s OneDrive account.

Data retention:

Only the research team at Dalhousie University will have access to study information. We will
describe and share our findings in thesis, conference presentations, and journal articles. We will
be very careful to only talk about group results so that no one will be identified. This means that
you will not be identified in any way in our reports. Also, we will use a participant number (not
your name) in our written and computer records so that the information we have about you contains
no names.

All the hard copy and electronic records will be kept secure in a locked filing cabinet for 7 years
after which we will destroy it according to Dalhousie’s Policy at that time.

If You Decide to Stop Participating:

You may choose to discontinue participating in the study at any time. If you decide not to take part
in the study or if you leave the session early, your data will be automatically withdrawn from the
study. If you complete the full session and then decide later to not let us include your data into the
analysis, you will have to indicate this within 2 weeks after completion of your session.

How to Obtain Results:

If you would like to obtain your results, we will provide you with a short description about the
study results by email. You can obtain these results by indicating your interest and including your
email address at the end of the signature page. We will not be able to provide you with your
individual results.

Questions:

We are happy to talk with you about any questions or concerns you may have about your
participation in this research study. For further information about the study, you may call or
email the principal investigator, who is the person in charge of this study.

The principal investigator is Purva Trivedi.
Telephone: (902) 329-8867
Email: pr840293@dal.ca

We will also tell you if any new information comes up that could affect your decision to
participate.
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If you have any ethical concerns about your participation in this research, you may also contact
Research Ethics, Dalhousie University at (902) 494-1462, or email: ethics@dal.ca (and reference
REB file # 2020-5042).
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Signature Page

Project Title: Measurement of Multi-Joint Lower Extremity Extension Power Using A Clinically
Applicable Leg Press Tool : The Concurrent Validity

Lead Researcher: Research Supervisor
Purva Trivedi, MSc RRPT (Candidate) Gail Dechman BSc PT, PhD
School of Physiotherapy Assistant Professor
Dalhousie University. School of Physiotherapy
Email: pr840293@dal.ca Dalhousie University

Tel: +1(902)-329-8867 Email: gdechman(@dal.ca

Tel: 902-494-2734

I , have read the explanation about this study. I have been
given the opportunity to discuss it and my questions have been answered to my satisfaction. |
understand that this data will be recorded, analyzed and the results of this study will be shared in
thesis, conference presentations and journal articles. I agree to take part in this study. My
participation is voluntary. I understand that I am free to withdraw from the study at any time and
that I may withdraw my data at any time prior to 2 weeks after the completion of my experimental
session. [ understand I will be given a copy of this consent form.

Name of Participant Signature of participant Date

Name of Investigator Signature of Investigator Date

Do you wish to obtain the results of study? [Yes / No]

If yes, provide your contact information here: Email:
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Appendix E: Participant Information Sheet

% DALHOUSIE
UNIVERSITY

Title: Measurement of multi-joint lower extremity extension power using a clinically applicable
leg press tool: The Concurrent Validity

Participant Code:

Name:

Age:
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Appendix F: Data Collection Sheet

% DALHOUSIE
UNIVERSITY

Title: Measurement of multi-joint lower extremity extension power using a clinically applicable
leg press tool: The Concurrent Validity

DATA COLLECTION SHEET

Anthropometrics:

Height(cm): . Weight(lb):

Measurement 1 (Leg press + IMU system):

Leg length measurement on leg press machine:

¢ Distance between right hip greater trochanter and the footplate (cm):

Trial 1: Calibration trial (similar to standing reading on a force plate)

e Instructions for the participants: Simply place your feet on the foot plate

markings. DO NOT push the foot plate at all.
e [ Recording time: 2 seconds
e [ Sampling rate: 500 Hz
Trial 2: Leg Press trial 1

e Instructions for the participants: On the count of 3, push the footplate as fast

and as forcefully as possible. “1,2,3,push.”
e [] Recording time: 10 seconds

e [ Sampling rate: 500 Hz
e Right Knee Angle:
Trial 3: Leg Press trial 2
e [ Recording time: 10 seconds
e [ Sampling rate: 500 Hz
e Right Knee Angle: degrees
Trial 4: Leg Press trial 3
e [] Recording time: 10 seconds
e [ Sampling rate: 500 Hz
e Right Knee Angle:

degrees

degrees
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Measurement 2 (Force plate jump test):

Trial 1: Standing Calibration trial (standing reading on a force plate)

e Instructions for the participants: Simply place your feet on the force plates

markings and stand on it. DO NOT move during the recording.
e [ Recording time: 2 seconds

e [ Sampling rate: 500 Hz

Trial 2: Jump trial 1

e Instructions for the participants: On the count of 3, jump from the same

squatting position as fast and forcefully as possible. DO NOT perform any
movement before jumping that further increases your knee bending; or

decreases the height of your squat; or deepens your squat. “1,2,3,jump.”
e [] Recording time: 10 seconds

e [ Sampling rate: 500 Hz
e Right Knee Angle: degrees

Trial 3: Jump trial 2

e [ Recording time: 10 seconds
e [ Sampling rate: 500 Hz
e Right Knee Angle: degrees

Trial 4: Jump trial 3

e [ Recording time: 10 seconds
e [ Sampling rate: 500 Hz
e Right Knee Angle: degrees

Trial 5: Zero Calibration

e [] Recording time: 2 seconds
e [ Sampling rate: 500 Hz
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Appendix G: Leg Press Weight Calibration
Weight translation on the Hoist: Hoist leg press consists of 20 weight plates, each weighing 10
Ib. The weights are connected to the foot plate by a pulley and cam system that the manufacturer
states creates 21.5 1b of force for each 10 1b plate (Table G.1). The following describes the

process and results used to assess the accuracy of the weight translation.

Table G.1: Hoist Leg Press Weight Translation

Plate # Total weight (Ib) Total Pulley Converted weight (I1b)
1 10 21.5
2 20 43.0
3 30 64.5
4 40 86.0
5 50 107.5
6 60 129.0
7 70 150.5
8 80 172.0
9 90 193.5
10 100 215.0
11 110 236.5
12 120 258.0
13 130 279.5
14 140 301.0
15 150 3225
16 160 344.0
17 170 365.5
18 180 387.0
19 190 408.5
20 200 430.0

The manufacturer’s provided weight translation for the Hoist leg press. Each 10 1b plate is
converted to 21.5 1b force.
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Calculation of Load Cell Constant:
A load cell (Harold G. Schaevitz Industries, USA) was used to convert force to a voltage signal
that was amplified (Technical University of Nova Scotia, Canada) and displayed, in volts, on a

multimeter (Fluke Corporation, USA).

Load cell calibration was performed as follows. The load cell was mounted vertically on a
wooden frame. Pre-calibrated weights from a Cybex NORM dynamometer (CSMi Solutions,
Stoughton, MA) were placed on a weight pan suspended from the load cell using an S-hook
(Figure G.1). The load cell voltage for the empty weight pan was recorded to provide a zero-
reading to be subtracted from subsequent measurements. Following this, 4 free weights (Table
G.2) were added consecutively to the weight pan and the associated voltages recorded. The
constant for each weight was calculated by dividing the weight by the associated voltage. This
demonstrated a relatively linear change in voltage with weight with the r — squared value of 1.
The constant used for assessment of the Hoist weight stack was determined by dividing the total
weight of 100.23 1b added to the weight pan the corresponding voltage change of 2.63 volts. This

yielded a constant of 38.14 1b/V.
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ed from a load cell. (left) The load

Figure G.1: Free weight supported by the weight pan suspend
cell is connected to an amplifier and multimeter (right).

Table G.2: Load Cell Calibration Constant

Total Weight (Ib) Load cell recorded Voltage (V)
A Empty weight pan 1.00
B 24.40 0.36
C 50.72 -0.33
D 75.56 -0.97
E 100.24 -1.63

Weights and corresponding voltages used to determine the load cell calibration constant.

Assessment of the Accuracy of the Hoist Weight Stack:

The load cell was secured to a wood frame and connected to the footplate of the Hoist leg press
by a length of chain (Figure G.2). Voltage corresponding to this zero weight condition was
recorded from the load cell. The footplate was then moved to a position that approximated full
leg extension for the majority of participants in the study, which raised the weight stack from the
supported position. A wooden pole was then inserted below the stack to support it. This allowed
us to safely take up the slack in the chain connecting the footplate to the load cell. The pole was

then removed exposing the load cell to the weight of the stack. This process was completed for

107



plates 1 through 9 of the leg press, consecutively. Thus, the final weight was 193.5 1b according
to the Hoist specifications. The assessment was limited to only 9 plates as the load cell limit was

200 1bs. The maximum weight lifted by any participant in the study was 256 Ibs.

LANNENARNNERENREEE, YNOEE

Figure G.2: The lg pressconﬁuration o assess the accuracy of the Hoist weight plates. The
metal chain connects the leg press foot plate and the load cell. The load cell is connected to the

voltmeter via the amplifier.
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Figure G.3: The leg press weight lates being lifted up
with the help of wooden plank support.

The voltage for each weight plate was documented. The voltage for the zero-weight condition
was subtracted from the voltage for each subsequent weight plate to create the zero corrected
voltage. The absolute value for that voltage was multiplied by the load cell constant, generating
the Load Cell Weight. That weight was compared to the weight provided in the Hoist

specifications. This information is provided in Table G.3.
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Table G.3: Error in Hoist Weight translation

A B C D E F
Leg Press Load cell Load cell Load cell Hoist Error in
weight recorded recorded Measured Labelled Weight
plate (Ib) | Voltage (V) | Voltage Zeroed | Weight (Ib) Weight translation
V) (Ib) (b)
0 1.06 0.00 0.00
10 0.60 -0.47 17.77 21.50 -3.73
20 -0.03 -1.09 41.50 43.00 -1.50
30 -0.58 -1.64 62.43 64.50 -2.07
40 -1.14 -2.21 84.10 86.00 -1.90
50 -1.72 -2.78 106.14 107.50 -1.36
60 -2.28 -3.34 127.42 129.00 -1.58
70 -2.84 -3.90 148.78 150.50 -1.72
80 -3.40 -4.46 170.25 172.00 -1.75
90 -4.01 -5.08 193.56 193.50 0.06

Table represents the error in Hoist leg press weight translation. Load cell recorded voltage
zeroed (V’): recorded voltage for the weight plates — recorded voltage without weight.

Interpretation:

Load cell recorded 1.06 volts under zero weight conditions which could be because of the weight
of the chain. This was considered as a baseline error in voltage and was accounted for by
subtracting 1.06 volts form the voltage recordings for the wight plates. A negligible average error
of 1.73 1b. was found indicating that Hoist labelled weight was 1.73 Ib. greater than the load cell
measured weight.
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Appendix H: Maximum Power for Individual Participants

Maximum Power (Watts)

Participant Code Force Plate Jump Leg Press + IMU Difference
Test System

LPO1 4066.0 2199.7 1866.3
LP02 4088.7 2845.0 1243.7
LPO3 2709.5 2285.9 423.6
LP04 2896.7 2788.7 108.0
LPO5 4208.8 26394 1569.4
LP06 1846.3 1569.8 276.5
LPO7 2035.6 1002.2 1033.4
LPO8 5446.9 3742.3 1704.7
LP09 1841.4 1348.6 492.8
LP10 4689.9 2621.3 2068.6
LP11 2774.5 2526.6 247.9
LPI12 3747.9 3726.3 21.6

LP13 2602.3 2309.8 292.6
LP14 3870.4 2205.4 1664.9
LP15 2668.4 1443.6 1224.8
LP16 3077.7 2245.5 832.3
LP17 3619.5 3468.5 150.9
LP18 3174.9 2806.5 368.4
LP19 2288.1 1659.7 628.4
LP20 3981.9 3587.0 394.9
LP21 3205.7 2180.7 1025.0

MEAN + SD 3278.1 £ 955.8 2438.2 +777.8 839.9 + 644.7
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Appendix I: Maximum Force for Individual Participants

Maximum Force (N)

Participant Code Force Plate Jump Leg Press + IMU Difference
Test System
LPO1 2007.0 1356.0 651.0
LPO2 2029.7 1510.7 519.0
LPO3 1516.6 1251.8 264.8
LP04 1803.5 1578.9 224.6
LPO5 2011.2 1820.2 190.9
LP06 1066.0 933.5 132.5
LPO7 984.9 868.7 116.2
LPOS8 2246.6 2036.6 210.0
LP09 1050.8 804.4 246.4
LP10 2219.8 1597.0 622.9
LP11 1327.9 1291.5 36.4
LPI12 1955.9 1688.5 267.4
LP13 1500.3 1312.5 187.8
LP14 2037.1 1372.3 664.8
LP15 1289.0 1126.5 162.5
LP16 1714.9 1271.4 443.5
LP17 1830.8 1609.2 221.5
LP18 1729.5 1532.8 196.7
LP19 1415.2 1176.5 238.7
LP20 2187.1 1832.3 354.9
LP21 1649.9 1293.5 356.4
MEAN £ SD 1694.0 £ 394.5 1393.6 £ 319.9 300.4 + 180.2
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Appendix J: Maximum Velocity for Individual Participants

Maximum Velocity (m/s)

Participant Code Force Plate Jump Leg Press + IMU Difference
Test System
LPO1 2.6 2.2 0.5
LPO2 2.6 24 0.2
LPO3 2.1 2.1 -0.1
LP04 1.9 23 -0.4
LPO5 2.6 2.0 0.7
LP06 2.0 2.0 0.0
LPO7 24 1.7 0.7
LPOS8 2.9 2.5 0.5
LP09 2.0 2.0 0.0
LP10 2.5 2.2 0.3
LP11 2.4 2.5 0.0
LPI12 2.3 2.8 -0.5
LP13 2.2 2.3 -0.2
LP14 2.6 2.1 0.5
LP15 2.4 1.8 0.7
LP16 2.2 2.2 0.1
LP17 2.4 2.7 -0.4
LP18 2.4 2.6 -0.2
LP19 2.0 1.7 0.2
LP20 2.1 2.3 -0.3
LP21 2.3 2.1 0.2
MEAN £ SD 23+£03 22+03 0.1+0.4
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Appendix K: Histogram for Force Plate Jump Test Power

Histogram

Mean = 3278.15
Stel. Dev. = 955.751
M=21

Frequency

2000.00 3000.00 4000.00 5000.00

FP_Max_Power

Histogram plot showing the normal distribution of the force plate jump test measured maximum
lower extremity power (Watts).

Appendix L: Shapiro- Wilk Test of Normality for Force Plate Jump Test

Power
Shapiro-Wilk
Statistic df Sig.
Force Plate Jump Test Maximum Power | .968 21 .686

The Shapiro-Wilk test assessing the force plate jump test measured maximum lower extremity
power (Watts) data for its difference from a normal distribution.
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Appendix M: Histogram for Leg Press + IMU System Power

Histogram
[
Mean = 2438.21
Std. Dev. = 777.809
M=21
s |
4
o=
[%]
o
1]
3
o 3
[1F]
™=
L
2
1 /
1000.00 1500.00 2000.00 230000 3000.00 3200.00 4000.00
LP_Max_Power

Histogram plot showing the normal distribution of the leg press + IMU system measured
maximum lower extremity power (Watts).

Appendix N: Shapiro- Wilk Test of Normality for Force Plate Jump Test

Power
Test of Normality
Shapiro-Wilk
Statistic df Sig.
Leg Press + IMU Maximum Power .956 21 444

The Shapiro-Wilk test assessing the leg press + IMU measured maximum lower extremity power
(Watts) data for its difference from a normal distribution.
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Appendix O: Difference in Maximum Power for Participants using a

Countermovement
Participant Code Maximum Jump Maximum Leg Press Difference
Power (Watts) Power (Watts)

LPO1 4066.0 2199.7 1866.3
LP02 4088.7 2845.0 1243.7
LPO5 4208.8 26394 1569.4
LPO7 2035.6 1002.2 1033.4
LPO8 5446.9 37423 1704.7
LP10 4689.9 2621.3 2068.6
LP14 3870.4 2205.4 1664.9
LP15 2668.4 1443.6 1224.8
LP16 3077.7 2245.5 832.3

LP21 3205.7 2180.7 1025.0

Mean = SD 3735.8 +£1003.2 2312.5+748.9 1423.3 + 408.7

Values represent the mean + SD of the maximum lower extremity power (Watts) measured using
the force plate jump test and the leg press + IMU system.
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Appendix P: Difference in Maximum Power for Participants not using a

Countermovement
Participant Code Maximum Jump Maximum Leg Press Difference
Power (Watts) Power (Watts)
LPO3 2709.5 22859 423.6
LP04 2896.7 2788.7 107.9
LP06 1846.3 1569.8 276.5
LP09 1841.4 1348.6 492.8
LP11 2774.5 2526.6 247.9
LP12 3747.9 3726.3 21.6
LP13 2602.4 2309.8 292.5
LP17 3619.5 3468.5 150.9
LPI18 3174.9 2806.5 368.5
LP19 2288.1 1659.7 628.4
LP20 3981.9 3587.0 394.9
Mean + SD 2862.1 +722.0 2552.5 + 821.6 309.6 +176.8

Values represent the mean + SD of the maximum lower extremity power (Watts) measured using
the force plate jump test and the leg press + IMU system.
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Appendix Q: Analysis of Squat Jump Movement Duration

Squat Jump Movement Duration

Participant Code Total Time (seconds)
LPO3 0.4
LP04 0.4
LP06 0.5
LP09 0.5
LPI11 0.3
LPI12 0.4
LPI13 0.2
LP17 0.3
LP18 0.3
LP19 0.3
LP20 0.4

MEAN £ SD 0.4 +0.1
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Appendix R: Analysis of Leg Press Movement Duration

Leg Press Movement Duration

Participant Code Total Time (seconds)
LPO3 0.8
LP04 0.9
LP06 0.9
LP09 0.9
LPI11 0.9
LPI12 0.7
LPI13 0.6
LP17 0.7
LP18 0.8
LP19 0.6
LP20 0.9

MEAN £ SD 0.8 +0.2
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Appendix T: Copyright Permission for Figure 2.4
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