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Abstract

Evaluating side-to-side symmetry in the lower extremity has been significant in
assessing injury risk and the success of rehabilitation programs. Considering limb
dominance in the lower limbs is also important as limb dominance could influence
symmetry measures. There is a need to assess symmetry, particularly in healthy
populations, in tasks other than walking and running and establish how the dominant limb
can impact symmetry. By evaluating symmetry in healthy adults, how the limbs function
with respect to one another can be determined. Therefore, the first purpose of this study
was to investigate the impact of lower limb dominance on walking and sitting-to-
standing. Data was collected from 49 healthy older adults, aged 50-89 years old. Using
loadsol® sensors (Novel, St. Paul, MN, USA), plantar loading data such as peak impact
force and loading rate was calculated. Participants completed one sit-to-stand trial and
three 10-meter walking trials, as these serve as prime examples of daily activities. The
secondary purpose of this study was to assess the impact of lower limb dominance on
athletic tasks like running and agility. The pedar-X® pressure insoles (Novel, St. Paul,
MN, USA) were used to collect plantar loading data such as peak force, contact area, and
contact time, from 10 athletes. Participants completed five t-drill trials and five agility
ladder drill trials. The acceleration phase of the t-drill served as standard running. A
mixed effects model was used to test if differences existed in various plantar loading
outcome measures based on limb dominance. Non-parametric tests were used for non-

normally distributed data. The statistical analysis determined that no significant



differences existed between the dominant limb and non-dominant limb for the 10-meter
walking trials peak impact force (p=0.245) or average loading rate (p=0.943). During the
sit-to-stand trial, no significant differences existed in peak impact force (p=0.317) or
average loading rate (p=0.943). For the agility ladder drill, the maximum force (p=0.427),
contact area (p=0.517), or contact time (p=0.734) showed no significant differences. In
the T-drill, the maximum force (p=0.385), contact area (p=0.571), or contact time
(p=0.571) had no significant differences. These drive the conclusion that limb dominance

does not need to be considered when assessing side-to-side symmetry.



The Impact of Lower Limb Dominance on Side-to-Side Symmetry in Daily Living and
Sports-related Tasks

Tyana LaNae’ Scott

General Audience Abstract

Understanding how the left and right lower limbs of the body compare is
important to preventing injuries and measuring if rehabilitation interventions are
beneficial. A factor in that is knowing how the dominant limb can affect how the lower
limbs compare to one another. Through symmetry, especially in healthy adults, a greater
comprehension for over limb functionality can be better understood. There is need to
assess the lower limb symmetry in healthy populations in tasks aside from walking and
running as well as establish how the dominant limb is impacting that symmetry. The first
purpose of this study was to observe how lower limb dominance affects walking and
standing from a seated position. Data was collected from 49 healthy older adults, aged
50-89 years old. Insoles were placed in participants’ shoes to collect plantar loading data.
Each participant did two tasks: one trial of the sit-to-stand and three trials of 10-meter
walking. The second purpose of this study was to observe how lower limb dominance
affects athletic tasks such as running and agility. Loading insoles were used to collect
data from 10 current or previous athletes. Each participant did five t-drill trials and five
agility ladder trials. Statistical analyses established no significant differences were shown
between the dominant and non-dominant limbs peak impact force for the 10-meter
walking trials (p=0.245) nor for the average loading rate (p=0.943). For the sit-to-stand
trial, no significant differences were seen in peak impact force (p=0.317) or average
loading rate (p=0.943). In the agility ladder drill, no significant differences were shown

for the maximum force (p=0.427), contact area (p=0.517), or contact time (p=0.734). In



the agility ladder drill, no significant differences existed for the maximum force
(p=0.385), contact area (p=0.571), or contact time (p=0.571). These findings suggested

that the dominant limb does not impact lower limb comparison.
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Chapter 1: Introduction
Understanding lower extremity biomechanics during physical activities is

important for developing strategies to prevent injuries and for assessing rehabilitation
interventions [1]. Within the realm of lower extremity biomechanics, side-to-side
symmetry in walking and running mechanics are both critical and heavily discussed
topics of interest. Complete gait symmetry for the lower limb is defined when the actions
or mechanics of the left and right limbs during gait are identical [2]. Analysis of
mechanical symmetry of the lower limbs is a significant part of the process of
understanding how to lower injury risk and evaluate rehabilitation interventions[1].
Throughout the literature on locomotor mechanics, perfect gait symmetry (left- and right-
side mechanics being essentially identical) has been a common assumption for healthy
adults. Some studies have been conducted to test gait symmetry in healthy adults [1, 3],
often supporting the assumption that the actions of the left and right limbs are equal.
Alrawashdeh et al. observed the joint angles of 25 healthy adults while walking and
concluded that the kinematics of the left and right sides were very similar. During hip

flexion-extension, angles, calculated from the full gait cycle using a normalized

. 0 -0
symmetry index (Sly,ppy = ——merm@ _Inorm@® __ 4 100) , were between -1.5-1.1% and
0.5 (eRnorm(n) - eLnorm (n))

for knee flexion-extension angle values ranged between -3.0-3.1%. Seely et al. tested
functional asymmetry in 20 adults while walking and found that the ground reaction force
magnitudes and patterns between the dominant and non-dominant limbs during slow,
preferred, and fast speeds were all comparable.

Running and walking differ in their lower limb mechanics. Symmetry has been

studied in running, with one study concluding that the lower limb symmetry they



observed while running may be a result of the given parameters in a study rather the
runner’s technique [4].The authors used several measures including but not limited to
minimum foot angle velocity at foot contact, knee angle at touch down, and contact time,
and with the preferred speed symmetry index values were 20.72, 3.04, and 6.01,
respectively. Running symmetry is also dependent upon distance. Gao and others studied
prolonged running and its effect on symmetry, determining that after a fatigue-induced
protocol, the lower limb joints exhibited asymmetry [5]. For instance, the symmetry
angle for hip flexion pre-fatigue was 2.43% and 13.14% post-fatigue and knee flexion
angles pre- to post-fatigue were 4.66% and 8.98%. Similar to walking, running symmetry
or asymmetry relies on several factors. It’s critical for the biomechanical field to
understand lower limb symmetry in more complex maneuvers such as running as it aids
in reducing the risk of injury. In addition, little is known about the effect of age on
symmetry and its effect on activities of daily living.

As connections are made between symmetry and activities of daily living or sport-
specific tasks, it’s important to consider the effect of limb dominance. Limb dominance is
defined in a variety of ways including factors such as strength (muscular), functional use,
and personal preference [6]. Limb dominance has often been referred to as the “preferred
foot”. Gabbard and Hart noted that preference is characterized according to stability and
mobility, in which the preferred foot is responsible for manipulating an object or leading
it out (e.g., kicking) while the other foot is for postural support [7]. Because of their
defined roles, it is thought that they may perform differently and in turn, affect lower
limb symmetry and for that reason, understanding limb dominance over various tasks can

potentially grow the knowledge of lower limb functionality.



Although lower limb symmetry has a common definition [2], there are multiple
indexes to quantify lower limb measures (Figure ). The Symmetry Index (SI) proposed
by Robinson et al. uses values of the non-injured and injured sides of the body to
calculate one number that would be indicative of perfect symmetry where SI equals zero
[8]. The Absolute Symmetry Index (ASI) is a modified version of the SI, but is more
often used if the numerator of the SI equation (Xys — Xx) equates to a negative value [4].
Barber et al. utilized the Limb Symmetry Index which has often been seen in the
literature when hop tests are used to evaluate symmetry in ACLR patients [9]. More
recently, Queen et al. developed the Normalized Symmetry Index [10]. The NSI can
compare a large series of data to give one symmetrical value. If the NSI equals zero, then
that denotes full symmetry; NSI values range from -100 to 100 and values further from
zero indicate asymmetry to either the left or right lower limb. In this study the NSI was
implemented to assess the side-to-side symmetry over various tasks.

Table 1: Symmetry indices and corresponding equations.

Index Equation
XNS - XS
Symmetry Index Sl= ————+100
5 (Xns + Xs)
|XNS - XSl
Absolute Symmetry Index ASl = 7————* 100
7 (Xns + X5)
Limb Symmetry Index L5 = wolved Limb_ '

- Uninvolved Limb *

XD - XND

*
max—q.,(Max(0, Xys¢, X5, )) + mine=1.,(min(0, Xys ¢, X5, )

Normalized Symmetry Index | NSI = 100




The outcome measures calculated in chapters 2 and 3 include peak impact force,
loading rate, maximum force (normalized to body weight), contact area, and contact time.
Previous research has been conducted evaluating symmetry using peak impact force and
the loading rate [11], where the LSI was used to assess knee kinetic symmetry in healthy
younger adults. A separate study by Peebles et al. also used peak impact force and
loading rate as outcome measures to observe symmetry in anterior cruciate ligament
reconstruction patients versus healthy adults, finding that peak impact force and loading
rate were acceptable measures to finding differences in symmetry between the two
populations [12]. Contact area and contact time have been successfully used as outcome
measures to evaluate symmetry. For example, the symmetry of contact area and contact
time helped Gimunova and colleagues understand limb differences in total hip
arthroplasty patients over multiple time points [13]. Maximum force relating to symmetry
was used by Gao et al., who studied load distribution over various regions of the foot in
walking and running [5]. These outcomes measures previously mentioned were chosen
for this specific study because they effectively demonstrate usage in lower limb
symmetry. Tasks completed in this study include the 10-meter walk, sit-to-stand, running,
and an agility ladder drill. As walking may be considered the most frequently performed
activity of daily living, it was deemed important to incorporate within this study. The sit-
to-stand has been utilized to observe symmetry in older adults [14]. The authors tested
seven healthy older adults with an average age of 74.3 years and concluded that
asymmetry in the lower extremity exists between the left and right limbs. For instance,
post-hoc comparison showed that the peak left hip moment was significantly larger than

the peak right knee moment [6.22 (1.21) vs. 5.13 (0.85) (body weight x body height)].



Regarding sports-related activities, running is fundamental to the majority of sports and
was important to include in this study. Several factors play a role in why running may be
an asymmetrical mechanism however, these allow the body to accelerate forward [15].
To knowledge, no studies have used the agility ladder as a task to measure lower limb
symmetry, however, because agility is relevant to many sports, it has been included as a
task in this study.

While limb dominance regarding walking gait symmetry is seen throughout the
literature [3, 16], very little literature has explored how limb dominance can potentially
impact symmetry other during daily tasks like sit-to-stand as well as sport-specific
movements. There is also literature that explores the impact of limb dominance on
running symmetry but a lack of evidence that studies limb dominance during other sport-
related tasks like the agility ladder. The purpose of this study is: 1) study the impact of
limb dominance on side-to-side symmetry in older adults during activities of daily living
and 2) study the impact of limb dominance on side-to-side symmetry in sports-related
activities. Through this study, not only will a better understanding of the effect of limb
dominance on limb mechanical symmetry in plantar loading be established, but limb
symmetry outcomes such as peak impact force, loading rate, contact area, and contact
time during various tasks will be provided and may potentially help normalize side-to-
side symmetry in a variety of tasks. Additionally, the impact of limb dominance on
symmetry during the specific tasks and outcome measures will be more understood while
wearing either load sensors or pressure sensors.

Specific Aim 1: Determine how limb dominance affects side-to-side symmetry during

activities of daily living tasks (walking, sit-to-stand).



Hypothesis 1A: During the walking task, the dominant and non-dominant limbs
will have no significant differences with respect to peak impact force and average
loading rate.
Hypothesis 1B: During the sit-to-stand task, the dominant and non-dominant
limbs will have significant differences with the dominant limb having higher peak
impact force and average loading rate.
Specific Aim 2: Determine how limb dominance affects side-to-side symmetry in sports-
related tasks (running — acceleration during a t-drill, agility ladder).
Hypothesis 2A: During the running task, the dominant and non-dominant limbs
will have significant differences with the dominant limb having larger values for
contact area, contact time, and maximum force.
Hypothesis 2B: During the agility ladder task, the dominant and non-dominant
limbs will have no significant differences with respect to contact area and
maximum force, however the dominant and non-dominant limbs will be
significantly different with respect to contact time, with the dominant limb having

higher values.



Chapter 2: Limb Dominance and Side-to-Side Symmetry in Daily Living Tasks

Abstract
Activities of daily living are often studied to understand progression of disease,

fall risk, and functional outcomes following various interventions [17]. In older adults,
lower limb symmetry is key in providing critical information regarding gait analysis
affected by disease or injury [18, 19]. Extensive research has been carried out to
investigate lower extremity symmetry during walking [18-22], however, prior research
investigating symmetry as an older adult stand from a seated position is lacking.
Additionally, the impact of limb dominance on difference in side-to-side movement is
unknown. Data was analyzed from 49 healthy older adults between the ages of 50 and 89.
Participants completed three 10-meter walking trials and one sit-to-stand (STS) trial. For
each task, peak impact force and loading rate were determined for each step and each sit-
to-stand cycle. A mixed effects model or Wilcoxon Rank-Sum test was utilized
depending on the normality of the data (p<0.05). No significant differences between the
dominant and non-dominant limbs were seen for the peak impact force for trials of the
10-meter walk (p=0.245, ES=0.08). There was also no significant difference in the peak
impact force for the STS trial (p=0.317, ES=0.2). Results for the average loading rate for
the 10-meter walk (p=0.943, ES=0.07) and STS (p=0.943, ES=0.05) were similar in that
no significant differences were shown. These conclusions show that limb dominance does
not affect side-to-side symmetry when assessing plantar loading.

Introduction
Daily functional tasks such as walking and standing from a chance are activities

that commonly occur in a person’s day-to-day life. Ideally, through these activities, and
more specifically walking, the limbs of healthy adults are considered to be symmetrical.

In 1984, Hamill et al. observed symmetry in ground reaction forces during walking and



concluded that between the preferred and nonpreferred limbs they were equally used
indicating symmetry [23]. Sit-to-stand is a commonly used functional task and is
frequently a pre-requisite before gait initiation. However, there is limited literature
studying the symmetrical differences in lower extremity limbs in healthy adults regarding
the STS task. Lundin et al. showed that limb asymmetry exist during this specific task
while testing 7 healthy older adults, approximately 74 years old [14]. Findings showed
that when bilateral symmetry was not assumed peak left hip moment was significantly
different from peak right hip moment [6.41 (1.12) vs. 5.04 (0.94) (body weight x body
height), and when bilateral symmetry was assumed peak hip moment between the left and
right limbs was also significantly different [6.03 (1.44) vs. 5.22 (1.03) (body weight x
body height)].

When evaluating symmetry, there lies a question of how limb dominance may
influence the results. Polk and colleagues factored in limb dominance as they studied
walking gait and determined that limb dominance is possibly a better predictor in how
limbs may differ in symmetry [16]. In some cases, establishing the effects of a dominant
limb are task specific, such in the way Michael Peters describes it in his review [24].
Velotta et al. confirmed Peters’ theory in a study looking at the relationship between
dominant limb and task, where 90% of the study participants preferred the right leg to
kick but 60% of the study participants preferred the left foot for one leg standing [25].
They noted that for manipulation, the preferred limb is used but for stabilization the
nonpreferred limb may be used. In symmetry literature, limb dominance and symmetry
have not always been used in the same studies for the same participant comparisons.

Sadeghi et al. mentioned studies that consider symmetry and how laterality affects the



behavior of lower limbs [2]. Of all the studies considered, only one included both
symmetry and laterality [26]. Laterality has often been interchangeable with “limb
dominance” and has become a general term to describe the existence of limb dominance
[27].

In addition to walking gait, the sit-to-stand task is also included in this study. As a
frequently performed motion in daily life, standing up from a seated position has been
thoroughly studied in adults [28-30]. Conversely, there is a deficit in literature utilizing
STS to compare symmetry between limbs within a participant. The purpose of this study
was to examine how limb dominance impacts side-to-side symmetry in older adults
during activities of daily living. It was hypothesized that during the walking task, the
dominant and non-dominant limbs will have no significant differences with respect to
peak impact force and average loading rate. It was also hypothesized that during the sit-
to-stand task , the dominant limb and non-dominant limbs will have significant
differences with the dominant limb having higher peak impact force and average loading
rate. This study will provide more data to symmetry in the lower limbs of healthy adults
as well as broaden the literature as to how the dominant limb may impact the symmetry.

Materials and Methods
Seventy-two healthy adults from the local community were recruited to

participate in this study. Each participant was between the ages of 50 and 89, had no
current pain or injury, and were able to walk for more than 30 minutes without assistance.
A participant was excluded if they required an assistive device to walk, had a prior
serious injury or surgery to a lower limb, or suffered from an injury in the last 2 months
that restricted physical activity for at least 2 days. Before the start of testing, an approved

Institutional Review Board consent form was signed. Each person was directed to wear



their own footwear, that of which would be used for walking [31]. Loadsol® sensors
(Novel, St. Paul, MN, USA) were bilaterally fitted for each participant and calibrated
before each testing session according to standard procedures.

Before data collection began, demographic information — age, sex assigned at
birth, height, weight, shoe size — was collected. The dominant limb was determined as the
limb the participant would kick a ball with. Participants first completed three 10-meter
walking trials. For this task, each participant walked 10 meters from one cone to another
[32]. They were instructed to walk at a self-selected speed equivalent to a “leisurely walk
through the grocery store”. The second task consisted of one 30-second sit-to-stand (STS)
trial. During the STS, participants began in a seated position and stood up as many times
as possible in a 30-second period [33]. To account for fatigue, a two-minute rest was
given between tasks.

The loadsol® data was collected at 100 Hz. To process the load data, a custom
MATLAB code, Load Analysis Program (LAP) [31], determined peak impact force (PIF)
and average loading rate (ALR) normalized to body weight (BW) (Figure I). In the LAP
code, the initial contact and toe-off are identified for each step per trial. The peak impact
force equates to the greatest peak during the first 30% of the ground contact time. The
average loading rate is the slope of the change in force divided by the change in time at
30% of the ground contact time. Example data for the 10-meter walk and STS are shown
in Figures 2a and 2b. The NSI [10] was used to assess symmetry differences between the
dominant and non-dominant limbs. To utilize this symmetry index, at least 3 consecutive

steps on each left and right foot were needed for each task per participant. The first 3
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consecutive steps for both the left and right feet of each trial for each task were used for

data processing.

Peak Impact

Time to Peak | 20-80% Time to Peak

Figure 1: Visual representation of Peak Impact Force and Average Loading Rate.

b~
FEe
R

9 S N

Figure 2: Example data of each task. Figure 2a is representative of the 10-meter walk. Figure 2b is
representative of the sit-to-stand.

Although 72 participants were recruited, only 49 were included in the analysis.
Participants were excluded if they: 1) could not have their data processed properly due to

11



coding errors within the data files or 2) if they had missing data in one or more tasks. The
statistical analyses were completed in JMP (SAS Institute Inc., Cary, NC) with p<0.05.
Using the JMP software, a mixed effects model was utilized if data was normally
distributed, determining if the dominant limb affected lower extremity symmetry in PIF
or ALR for walking and STS. In the mixed effects model, the averages for peak impact
force and average loading rate were considered the response while participant was
labeled as a random effect and the limb was considered a fixed effect. For data that was
non-normally distributed, a Wilcoxon Rank-Sum test was performed. Although this study
was inclusive of male and female participants, there was no need for a gender comparison
looking at symmetry or limb dominance. This is because the study was designed to look
at the limb interactions within the participants rather than those limb interactions between
participants. Essentially, the left and right lower limbs of a participant were compared
rather than comparing the right lower limb of one participant to the right lower limb of
another participant.

Results
There were 17 male participants and 32 female participants. The average age was

62.6£8.2 years, average height 1.7+0.1 m, and average weight was 72.1£13.9 kg. All
participants identified as right dominant. During each of the 10-meter walking trials, the
peak impact force and average loading rate were calculated. For the 10-meter walking
trials, no significant results were shown for the PIF (p=0.245, ES=0.08) or the ALR
(p=0.943, ES=0.07). No differences were seen in the STS trial for the PIF (p=0.317,
ES=0.2) or the ALR (p=0.943, ES=0.05).The averages between the dominant and non-
dominant tasks are seen in Table 2 and Table 3 as well as Figures 3a-d. The average NSI

values for the 10-meter walking task were 5.63 for PIF and 13.11 for the ALR (Figure

12



4a). The average NSI values for the STS task were 9.44 for PIF and 19.27 for ALR
(Figure 4b). In terms of performance, the average time to complete the 10-meter walking
trials across all participants was 7.57 seconds or 1.32 m/s. Approximately 16 sit-to-stand

cycles was the average completed in 30 seconds between all participants.

Table 2: 10-meter Walk Results.

Limb Comparisons: 10-meter Walk (Mean + SD)
- 1 :t
Peak Impact Force Non-dominant 1.13+0.11
(normalized to BW) Dominant | 1at0.13
- 1 :t
Average Loading Rate Non-dominant 10.95+3.15
(Ns) Dominant 11.20+4.01

Table 3: Sit-to-Stand Results.

Limb Comparisons: 10-meter Walk (Mean + SD)
Non- i .56+0.
Peak Tmpact Force on-dominant 0.56+0.06
(normalized to BW) Dominant 0.55+0.05
. - i R Y=
Average Loading Rate Non-dominant 2.87+1.01
(NF5) Dominant 2.82:1.00
- IPeak Impact Forcel - A\‘Ierage Loading Ra‘le
5 18
% 1 14
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Figure 3: Graphs depicting the averages and standard deviations between the dominant and non-dominant
limbs for a given outcome measure. Figures 3a and 3b correspond to 10-meter walk results shown in Table
2. Figures 3c and dd correspond to the sit-to-stand results shown in Table 3.
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Figure 4a: Visual graphic of the Normalized Symmetry Index (NSI) values for the peak impact force and
average loading rate across all participants during the 10-meter walk.
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Figure 4b: Visual graphic of the Normalized Symmetry Index (NSI) values for the peak impact force and
average loading rate across all participants during the sit-to-stand.
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Discussion
For this study, 2 hypotheses were considered. Hypothesis one was that during the

walking task, the dominant and non-dominant limbs would have no significant
differences with respect to peak impact force and average loading rate. Hypothesis two
was that during the sit-to-stand task, the dominant limb and non-dominant limbs would
have significant differences with the dominant limb having higher peak impact force and
average loading rate. The first hypothesis was supported. With a force platform, a
camera, and foot markers, Polk et al. [16] described how even with heavily comparable
ground reaction forces of the left and right limbs, limb dominance remains a predictor of
asymmetry. The results mentioned above for this study challenge that conclusion because
the dominant and non-dominant limbs were similar in peak impact force and therefore,
limb dominance did not serve as a symmetrical predictor. These conclusions align more
with Hamill and colleagues [23]. By using a force platform to collect data, they
determined that during gait, the dominant and non-dominant limbs are equally used.
Because the sit-to-stand data saw no significant differences, the second hypothesis
was not supported. The dominant limb played an equivalent role to the non-dominant
limb. Considering the roles of the limbs regarding stability, it was inferred that the
dominant limb would be favored more when standing from a seated position repeatedly
as fast as possible. However, that data showed that inference to be invalid as both limbs
operate equally during that mechanism. When looking at the performance data for the 10-
meter walk, the participants were slower in comparison to other studies. Participants in
other studies have recorded average walking speeds of 6.99 seconds (1.43 m/s) and 6.61
(1.52 m/s) seconds at self-selected speeds [34, 35]. Relative to other studies where older

adults average about 12-14 completed sit-to-stand cycles [34, 35], the older adults in this
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study were faster, having a larger average for completed sit-to-stand cycles. These
performance values describe how well the participants were able to sufficiently complete
each task.

The effects sizes, which were calculated for each task, are noticeably minute. The
insignificant sizes suggest there is minimum variability between the non-dominant and

dominant limbs which continues to serve as an indication of symmetry.
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Chapter 3: Limb Dominance and Side-to-Side Symmetry in Sports-Related Tasks

Abstract
Over the past decades, running gait has been studied across a multitude of

populations, tasks, and measures. There have been studies providing evidence that
running is a symmetrical task. Even though running is common to various sports, it is not
the only movement that should be considered given that most injuries do not occur during
linear running. Many sports involve some form of agility or require rapid changes in
direction like cutting and pivoting. Agility is required in a wide range of activities;
therefore, it cannot be generalized across sports and tasks. Often in sports, one limb is
considered the dominant limb based on the activities performed by the limb, for example,
kicking a ball or jumping off of one foot. When differences are observed in the
movement or loading between limbs, it is postulated that this difference is assumed to be
driven by one limb being the dominant limb. While this reason has been proposed, there
is a lack of literature exploring the influence of limb dominance on plantar loading and
performance during agility drills and running in cleated footwear. Data was collected
from 10 cleated sport athletes, aged 18-35. Each participant wore lab provided cleats to
wear during data collection. The cleats were Nike Vapor 14 Elite Firm Ground low top
soccer cleats. Two agility tests were completed, a t-drill and an agility ladder drill.
Plantar loading data was captured using an in-shoe pressure measurement system (pedar-
X®, Novel Electronics, St. Paul, MN) sampling at 100 Hz. The outcome measures of
interest were maximum force (normalized to body weight (BW)), contact area, and
contact time. Maximum force for the t-drill (p=0.385, ES=0.39) and agility ladder drill
(p=0.427, ES=0.46) along with the contact area for the t-drill (p=0.571, ES=0.4) and

agility ladder drill (p=0.517, ES=0.23) showed no significant differences. The contact
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time for both the t-drill (p=0.571, ES=0.8) and agility ladder drill (p=0.734, ES=0.43)
also had no significant differences. These findings indicate that the dominant limb does
not affect the side-to-side symmetry in the lower extremity when completing sports-
related tasks.

Introduction
The biomechanics of running have been studied for multiple decades [36] [37].

Similar to walking gait, from the human eye, it appears that this locomotion is
symmetrical. Approximately ten years ago, Rumpf and colleagues studied the kinetic
running asymmetries in youth males [38]. During their study, they measured horizontal
and vertical forces along with work and power between the left and right legs of their
participants and concluded that differences in limbs for non-injured male youth ranged
between 14.9 and 26.4%, indicating asymmetry. Brughelli et al. observed the lower limbs
of healthy Australian Rules Football players when running for kinetic and kinematic
variables including but not limited to vertical and horizontal force, vertical stiffness,
contact time, and positive work [39]. In their findings, between the left and right legs,
contact time experienced a 3.5% imbalance, vertical stiffness had a 6.5% imbalance, and
positive work with a 10.7% imbalance. Other sports-related tasks include evaluation of
agility using an agility ladder. With agility ladders, there are several exercises that can be
created or used. These exercises may include single-leg movements (e.g., alternating foot
hops or single-leg hop in each box) or double-leg movements (e.g., hopscotch or rabbit
hops). Exercises can be contralateral or ipsilateral. For this study, the “2-feet-in, 2-feet-
out” drill was used (see Materials and Methods, Figure 1). The agility ladder has been
used in the literature when comparing the lower limbs [40]; Miyaguchi and Demura used

an agility ladder to measure dexterous ability with the task “ladder hopping”, where
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participants hopped through the ladder on one leg as fast as possible, in studying lateral
dominance. The results showed that right leg had greater values than the left leg; for
those who were left-legged, the right leg was faster (seconds) than the left leg (4.55+0.29
vs. 4.74+0.33) and those who were right-legged also had faster right leg times over the
left leg (4.45+0.34 vs. 4.65+0.40). In most cases the agility ladder is used as a training
modality, testing different measures of performance [41, 42]. Agility ladders are
beneficial as they allow athletes to manipulate movements that improve coordination for
respective sport. It was included in this study based on its purpose of being commonly
utilized across multiple sports, and more specifically cleated sports. To knowledge, no
studies have used the “2-feet-in, 2-feet-out™ drill to study symmetry. Knowing the role
that symmetry plays in sports is essential to preventing serious injuries.

Limb dominance during sport-specific activities can be more complex than just
“left foot dominant” or “right foot dominant”. It’s harder to make widespread
assumptions on sports performance for a general population, especially because some
sports are inherently asymmetrical. For instance, the golf swing is an asymmetrical
movement, however, weightlifting should be a symmetrical task when completing the lift.
Before diving into the impact of limb dominance on symmetry during sports-related
tasks, the type of sport and therefore the associated movements have to be considered.
Several studies have investigated lower limb symmetry in multiple sports including but
not limited to fencing [43], long jumping [44], volleyball [45], and soccer [45]. Of those
studies, none assessed the role that limb dominance played in the study outcomes.
However, Zvijac and others observed quadriceps and hamstrings data between the

dominant and non-dominant limbs in collegiate American football players [46]. They
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concluded that for quadriceps, 21% of the study cohort experienced a peak torque deficit
on the dominant side at least 10% greater than the non-dominant side and for hamstrings,
the same deficit was experienced by 19.6% of the study cohort. As stated before, limb
dominance and symmetry are dependent on the sport and its associated movements.

A considerable amount of literature provides insight into the symmetry of other
sports-related tasks such as landing or jumping. Symmetry in sports-related tasks is
dependent on the activity in which the athlete is engaged in. For instance, as previously
mentioned, golf and weightlifting are on the opposite ends of the symmetrical spectrum.
In sport that has a combination of running and agility, such as soccer, symmetry has been
studied. DeLang et al. demonstrated that collegiate soccer players exhibit symmetry
between limb [47]. Within these athletes, authors compared the muscular strength of the
dominant and non-dominant limbs using hip extension, where the dominant limb
measured 66.6+£14.4 kg and the non-dominant limb measured 63.8+11.7 kg. This study
uses soccer cleats and athletes of cleated sports to assess side-to-side symmetry in lower
limbs.

Because limb dominance cannot be generalized over all sports, that may possibly
explain its small presence in literature. This study intends to investigate symmetry and
limb dominance in running but also to incorporate agility, more specifically using an
agility ladder, to further develop the understanding behind symmetry and limb dominance
in sports. Agility is a frequent component in the athletic world so this will may provide
relevance to a broader population. The purpose of this study is to assess the impact of
limb dominance on side-to-side symmetry in sports-related activities. With the

understanding that running has been shown to be an asymmetrical mechanism, it was first
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hypothesized that during the running task, the dominant and non-dominant limbs will
have significant differences with the dominant limb having larger values for contact area,
contact time, and maximum force. The second hypothesis was that during the agility
ladder task, the dominant and non-dominant limbs will have no significant differences
with respect to contact area and maximum force, however the dominant and non-
dominant limbs will be significantly different with respect to contact time, with the
dominant limb having higher values. This hypothesis was based on limited literature
surrounding the usage of the agility ladder for usage in the symmetrical manner.

Materials and Methods
From the surrounding communities of Virginia Tech and Blacksburg, 10 healthy

young adults, aged 18-30 were recruited. Eligible participants wore a men’s shoe size 7-
12 (women’s 8.15-13.5), currently play or played a cleated sport in the last three years,
had no lower extremity injuries in the past six months that limited physical activity for
more than two days, and were not pregnant. Each participant provided signed consent,
approved by the Institutional Review Board.

At the start of the testing session, demographics for each participant were
recorded: age, sex assigned at birth, weight, height, self-identified race, total foot length,
truncate length, and dorsum height. Each person was fitted to a pair of pedar-X® pressure
insoles (Novel, St. Paul, MN, USA) dependent upon their shoe size. All participants were
provided with the same soccer cleat that was used during testing (Nike Mercurial Vapor
14 Elite FG) and participants were asked to wear their own athletic clothing. To ensure an
appropriate surface for the footwear, testing was conducted on a flat, grass surface. The
dominant foot was determined by asking participants which foot they would use to kick a

ball.
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Participants completed two agility tasks. Between trials, participants were given a
2-minute rest. Between tasks, they received a 5-minute rest. The agility tasks consisted of
a ladder drill and a T-drill; each task was completed 5 times. During the agility ladder
drill (Figure 5), participants completed the lateral “2 feet in, 2 feet out” task in which the
left and right foot stepped into a box continuously and left the box right after
continuously. The agility ladder was 20 feet in length, consisting of 11 boxes. At the end
of each trial, participants were instructed to remain at that end of the ladder, which would
become the starting point for the next trial to ensure that participants went in both
directions (to the left and to the right) on the agility ladder.

Total length: 20 feet

START

Figure 5: Agility ladder — “2 feet in, 2 feet out”.

During the T-drill (Figure 6), the portion of the drill that was of interest was the
initial acceleration phase (cones A to B) of the drill as seen in Figure 2. Participants were
instructed to start at cone 1, run 10 yards straight to cone 2, shuffle laterally right 5 yards
to cone 3, shuffle laterally left 10 yards to cone 4, shuffle laterally right 5 yards back to

cone 2, and backpedal 10 yards to cone 1.
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Figure 6: T-drill — acceleration phase between cones A and B.

The pedar-X® insole system was worn bilaterally for each trial and task to collect
plantar pressure data including peak force, contact area, and contact time. The plantar
pressure data was collected at 100 Hz via Bluetooth. Plantar pressure data was collected
using the Novel pedar software and processed using Novel Database Pro. Data collection
measures included maximum force (normalized to BW), contact area, and contact time.
Using the pedar emedlink program (Figure 7), the appropriate steps for each trial were
selected. The T-drill, as seen in Figure 6, was analyzed in 4 different sections:
acceleration, right cut, left cut, and deceleration. For the statistical analyses, only the
acceleration phase of the drill was considered as this best represented “running”. The
steps used were identified within the pedar emedlink program just before participants
proceeded with the first cut. For the agility ladder drill, as seen in Figure 5, the initial 2
left and right steps along with the ending 2 left and right steps were removed from the
analyses to account for acceleration and deceleration of the task. All statistical analyses

were completed in JMP (SAS Institute Inc., Cary, NC) with p<0.05. In the JMP software,
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if data was normally distributed, a mixed effects model determined if the dominant limb
affected lower extremity symmetry. Within the mixed effects model, the response was the
averages for peak impact force and average loading rate, the random effect was the
participants, and the fixed effect the limb. However, if data was non-normally distributed,
a Wilcoxon Rank-Sum test was conducted. Even though this study included both male
and female participants, gender comparison looking at symmetry or limb dominance was
excluded. This is primarily due to the study design, in which limb interactions within the
participants were studied rather than those limb interactions between participants. In
other words, the lower left and right limbs of a participant were being compared instead
of comparing the left lower limb of a participant to the left lower limb of another

participant.
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Figure 7: Visual representation of the pedar emedlink program.

Results
The sample size included 8 male participants and 2 female participants. On

average, age was 23.1+3.4 years, height was 1.8+0.1 m, and weight was 84+12 kg. Each

participant was right dominant. For the ladder drill, maximum force (normalized to BW),
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contact area, and contact time all showed no significant differences with values of
p=0.427(ES=0.46), p=0.517(ES=0.23), and p=0.734(ES=0.43). The difference in means
between the dominant and non-dominant limbs for each measure are seen in 7able 4 and
Figures 8a-c. The average NSI values for the agility ladder maximum force, contact area,
and contact time are 59.18, 15.10, and 13.66. The average time to complete the agility
ladder was 12.44 seconds while the average time to complete the t-drill was 11.86

seconds.

Table 4: Agility Ladder Drill Results.

Limb Comparisons: Agility Ladder Drill (Mean + SD)
- i +
Maximum Force (%BW) Non-dominant 170.91+£17.65
(normalized to BW) Dominant 155.72+43.41
Non-dominant 137.80+£29.53
Contact Area (cm?)
Dominant 129.91+£38.78
Non-dominant 213.99+82.70
Contact Time (ms)
Dominant 249.26+115.42

For the T-drill acceleration phase, maximum force (normalized to BW), contact
area, and contact time showed insignificant differences with values of p=0.385(ES=0.39),
p=0.571(ES=0.4), and p=0.571(ES=0.8), respectively. The average NSI values for the t-
drill are 11.03. 7.83, and 13.85, which given their closeness to zero, indicate symmetry
demonstrated between the dominant and non-dominant limbs. Each limb’s mean and

standard deviation per measure is seen in Table 5 as well as Figures 8d-f.
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Table 5: T-drill — Acceleration Results.

Limb Comparisons: T-drill Acceleration (Mean + SD)

. Non-dominant 224.22427.67
Maximum Force (%BW)
li B .
(normalized to BW) Dominant 211.07438.78
Non-dominant 168.89+24.02
Contact Area (cm?)
Dominant 157.40+33.42
Non-dominant 245.23+54.68
Contact Time (ms)
Dominant 240.23+70.06
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Figure 8: Graphical visual of the means and standard deviation comparisons between the non-dominant and
dominant limbs for the agility ladder and T-drill (acceleration) tasks and their outcome measures. Graphs
8a-8c show results seen in Table 4 for the agility ladder task. Graphs 8d-8f show results seen in Table 5 for
the T-drill (acceleration) task.

Discussion
There were two hypotheses associated with this study. The first hypothesis was

that during the running task, the dominant limb and non-dominant limbs would have
significant differences with the dominant limb having larger values for contact area,
contact time, and maximum force. The second hypothesis was that during the agility
ladder task, the dominant and non-dominant limbs would have no significant differences
with respect to contact area and maximum force, however the dominant and non-
dominant limbs would be significantly different with respect to contact time, with the
dominant limb having higher values. Hypothesis one was not supported, and no
significant differences were reported between the dominant and non-dominant limbs. The
first portion of hypothesis two was supported; no significant differences were shown
between the dominant and non-dominant limbs for maximum force or contact area
however, the second portion of hypothesis was not supported as there were no significant
differences in contact time between limbs. Brown et al. [48] conducted research with a

12-camera motion capture system, 4 force plates, and reflective markers, observing limb
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dominance and fatigue on running biomechanics. In their findings, they concluded that
limb dominance had no effect on lower extremity joint kinematics or kinetics. Using
plantar pressure data, this study was able to come to similar results with different
methodologies to determine that limb dominance does not directly impact limb symmetry
when doing sports-related tasks such as running and agility. It was inferred that because
of the roles of the dominant and non-dominant limbs, the dominant limb would have a
greater speed during specific tasks, but evidence showed that to be incorrect through the
contact time of each limb. Overall, these conclusions indicate that clinicians can use
either limb of healthy athletes for comparison to patients in athletic rehabilitation. It is
also an indicator that the dominant and non-dominant limbs can be equally used to
evaluate symmetry when assessing injury risks and the success of recovery intervention
of injuries in athletes.

Chuckpaiwong et al. also used the pedar-X® insoles to calculate contact area and
maximum force (BW) as outcome measures to looking at plantar pressure during running
[49]. They found that in normal feet, the contact area (units of normalized insole contact
area) of the total foot during running was 0.9474+0.06 and maximum force of the total
foot during running was 2.14+0.25. These results are incomparable to the results seen in
the current study possibly because of the varied running intensities and shoe types
between studies. Usage of these outcome measures while completing a similar agility
ladder drill was not identified in the literature.

One limitation in this study was the number of participants. With the mid-sized
effect sizes, the results of this can be considered accurate however, they should be taken

with caution. In future studies, a greater number of participants would be able to confirm
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if the results of this current study prove to be accurate. A second limitation in this study is
the possibility of sensor inaccuracies. Pedar-X® has a total of 99 sensors in each insole
and if sensors are unable to collect data from a trial, it can unintentionally give inaccurate
readings. For future studies, other sports-related tasks should be tested, such as cutting
and landing in cleated footwear, using pressure insoles to further evaluate limb
dominance and symmetry in athletes. This study demonstrated that dominant limb has no
direct impact on limb symmetry when doing sports-related tasks such as running and

agility.
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Chapter 4: Conclusions

Establishing limb dominance in the lower extremity is thought to be dependent on
task [7]. The tasks involved in the current study revealed contrary data. The first purpose
of this study was to study the impact of the dominant limb on side-to-side symmetry in
activities of daily living. There was a lack of significant differences to determine that
participants utilized their dominant limb more than their non-dominant limb during
walking and STS. With a sample size of approximately 50 participants, this serves as a
good basis for healthy adult loading in the lower extremity.. The second purpose of this
study was to examine the impact of the dominant limb on side-to-side symmetry in
sports-related tasks. The dominant limb had no greater effect which was evident through
the results. Furthermore, additional research with a larger sample size needs to be
conducted to validate these results. This study established that limb dominance is not
prominent in activities of daily living or sports-related tasks. When evaluating symmetry
with respect to peak impact force, average loading rate, maximum force, contact area and
contact time while walking, running, standing from a seated position, or completing using
an agility ladder, the dominant limb does not have to be accounted for. Future studies
involving the aforementioned tasks and outcome measures can study symmetry without
having to account for the dominant or non-dominant limbs.

There are some noticeable differences in study design between chapters 2 and 3.
Within chapter 2, participants are healthy older adults, aged 50-89 while in chapter 3,
participants are between the ages of 18 and 35. Because of the age differences, these
results cannot be generalized to just one population. Another difference is the footwear
conditions. One study allowed participants to wear their own footwear (walking shoes)
while in the second study, participants completed their tasks in cleats. The footwear
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differences provided a realistic setting for when the required tasks would be completed.
Luftglass et al. justified why not standardizing footwear may be appropriate [31],
however, DeBiasio and colleagues explained the plantar loading differences between
shoe types (e.g., running shoe versus cleat) [50]. Although this study was not designed to
be a direct comparison between footwear, further research should be conducted to assess
if the same results can be drawn from a young adult population wearing their preferred
footwear (used for walking) versus wearing cleated footwear.

These studies both suggest that either limb, dominant or non-dominant, can be
used to predict symmetry during injury risk evaluation. It also suggests that if the
dominant limb is injured, the non-dominant limb can be used as a comparison tool for

injury recovery.
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