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THE EFFECTIVENESS OF ROBOT-ASSISTED, TASK-SPECIFIC ANKLE
TRAINING IN IMPROVING DEFICITS ACROSS THE THREE DOMAINS OF THE

ICF IN CHILDREN WITH CEREBRAL PALSY (CP)

Background: Cerebral Palsy (CP) is considered to be the leading cause of motor disability
among children. Children with CP present with multiple physical impairments including
decreased strength and range of motion (ROM), increased spasticity, and poor balance
and coordination. These impairments often lead to limitations in ankle motor control that
impacts balance and gait function, which puts children at a higher risk for developing
other problems. In recent studies, robotic devices have been developed to address poor
motor control of the upper and lower extremities.

Aim: The aim of this study is to investigate the extent to which the robot-assisted, task-
specific ankle trainer improve deficits across the three domains of the International
Classification of Functioning, Disability and Health (ICF) in children with CP.

Method: This is a quasi-experimental, single group, repeated measure design with four
time-testing points through a set training session/protocol. A convenience sample of 5
children with CP were enrolled in the study. All children received 6-weeks of ankle robot
training that included two 45-60 minute sessions per week, for a total of 12 sessions. Data
from Tardieu Scale of spasticity, Boyd and Graham selective motor control, Pediatric
Balance Scale, goniometer, hand held dynamometer, gait mat analysis, accelerometer,
LIFE-H for children questionnaires, ultrasound, and robotic evaluation were collected at

the different time points (1 week and 1 month pre training and 1 week and 1 month post

Vi



training). Descriptive statistics and repeated measure (ANOVA) were used with SPSS
software for data analysis.

Results: All participants showed improvement in 1. Body Function and Structures (ROM,
tone, strength, balance, ankle control and performance, and muscle architecture), 2.
Activity (gait and activity counts) and 3. Participations over the course of the study.
Conclusion: The results revealed the potential of robot-assisted, task-specific ankle
training to improve motor performance and capacity at the body function, activity and
participation level. Training appeared to have a lasting impact as most gains were

maintained one month following training.

Brent Arnold, PhD, ATC, Co-Chair

Peter Altenburger, PhD, PT, Co-Chair
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DEFINITIONS

The terms and concepts used in this study are defined based on the current literature.

Activity

The execution of a mobility task or action by an

individual

Body functions

Physiological functions of body systems

Body structures

Anatomical parts of the body

Cerebral palsy

A group of permanent disorders of the development of
movement and posture, causing activity limitations that
are attributed to non-progressive disturbances that
occurred in the developing fetal brain or infant brain. The
motor disorders of CP are often accompanied by
disturbances of sensation, perception, cognition,

communication, and behavior.

Drop foot

Weakness in the dorsiflexors, which are responsible for

elevating the foot in the early stance and swing phases

Dynamic system theory

Describes the motor development of human beings

across the life span

Motor learning theory

Describes how individuals learn or relearn to perform

movement

Neuroplasticity

The brain’s ability to reorganize and alter its structure,

connection, and function in response to stimuli

Participation

Involvement in a life situation

xXii




Robotics

The application of electronic, computerized control
systems to mechanical devices designed to perform

human functions
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CHAPTER I. INTRODUCTION

Background of the Problem

Cerebral palsy (CP) is the most common cause of physical disability among
children, affecting at least 2 in 1,000 children born in the United States (Himmelmann et
al., 2005; Westbom et al., 2007). These numbers continue to grow because of the
increased survival rate among pre-term babies (Nelson, 2002; Reddihough & Collins,
2003). While there have been numerous attempts to define CP over the years, the most
up-to-date definition describes it as:

a group of permanent disorders of the development of movement and

posture, causing activity limitations that are attributed to non-progressive

disturbances that occurred in the developing fetal brain or infant brain.

The motor disorders of CP are often accompanied by disturbances of

sensation, perception, cognition, communication, and behavior.

(Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2007, p. 9)
Based on the CP definition, the motor outcome is related to the severity of motor
disability. Unfortunately there is no standardized system to classify the motor disability
and that’s why CP classification has undergone several revision. Currently, the most
accepted classification system is based on four major components, including motor
abnormalities (the type of the motor disorder and the functional motor abilities),
associated impairments, anatomic and radiological findings, and causation and timing
(Bax et al., 2005; Rosenbaum et al., 2007).
Motor Abnormalities

1. The type of motor disorder: Children with CP are classified based on

the type of motor disorder they have, which could be spastic (high
muscle tone), dyskinetic (involuntary movement), or ataxic (loss of

muscle coordination) (Bax et al., 2005). Most of the children have
spastic CP, with a prevalence of 77.4% (CDC, 2015).



2. The functional motor abilities: Children with CP can be classified
according to their functional abilities by using objective functional
measurements, including the Gross Motor Function Classification
System (GMFCS) (Palisano et al., 1997; Palisano, Rosenbaum,
Bartlett, & Livingston, 2008). The GMFCS is a standardized system
that classifies the child’s gross motor function on a five-level scale
based on sitting, standing, and walking skills, as well as his or her use
of an assisted device (Figure 1) (Palisano, Rosenbaum, Bartlett, &
Livingston., 2007). This classification system (Figure 1) highlights
children’s ability rather than their impairments (Palisano, Rosenbaum,
Bartlett, & Livingston, 2008). The GMFCS has been found to have
good reliability and validity (Palisano et al., 1997).

The GMFCS classifies a child’s gross motor function at 5 levels.

GMFCS Level |

Children walk at home, school, outdoors and in the
community. They can climb stairs without the use
of a railing. Children perform gross motor skills such
as running and jumping, but speed, balance and
coordination are limited

GMFCS Level Il

Children walk in most settings and climb stairs holding
onto a railing. They may experience difficulty walking
long distances and balancing on uneven terrain,
inclines, in crowded areas or confined spaces.

Children may walk with physical assistance, a hand-
held mobility device or use wheeled mobility over

long distances. Children have only minimal ability to
perform gross motor skills such as running and jumping.

GMFCS Level Il

Children walk using a hand-held mobility device in
most indoor settings. They may climb stairs holding
onto a railing with supervision or assistance. Children
use wheeled mobility when traveling long distances
and may self-propel for shorter distances.

GMFCS Level IV

Children use methods of mobility that require physical
assistance or powered mobility in most settings. They
may walk for short distances at home with physical
assistance or use powered mobility or a body support
walker when positioned. At school, outdoors and in
the community children are transported in a manual
wheelchair or use powered mobility.

GMFCS Level V

Children are transported in a manual wheelchair

in all settings. Children are limited in their ability
to maintain antigravity head and trunk postures and
control leg and arm movements.

@ NIARY ‘“:é",:_"
é;‘ < @l/

Figure 1. The Gross Motor Function Classification System
(GMFCS) assessment tool (Palisano et al., 2007).




Associated Impairments

Children with CP suffer from different impairments associated with their motor
disorders that interfere with their ability to carry out everyday tasks. These impairments
are classified as present or absent and further described using standardized terminology
(Rosenbaum et al., 2007). Studies have shown that more than 50% of children with CP
suffer from a variety of associated impairments, including cognitive deficits (40% of
children with CP), epilepsy (EP) (33—41% of children with CP), hearing and visual
problems (19% of children with CP), and communication impairments (CDC, 2015;
Himmelmann, Beckung, Hagberg, & Uvebrant, 2006; Nordmark, Hagglund, &
Lagergren, 2001).
Anatomic and Radiological Findings

Another form of classifying children with CP is according to the impairment’s
anatomical location in the arms, legs, or trunk and whether one or both limbs are
involved. The common classifications are hemiplegia, diplegia, triplegia, and
quadriplegia (Miller, 2005). Hemiplegia refers to involvement of the upper and lower
limb on the same side; diplegia refers to involvement of both lower limbs; triplegia
means involvement of both lower limbs and one of the upper limbs; quadriplegia refers to
the involvement of both lower and upper limbs in addition to the trunk (Miller, 2005).
The radiological findings can help in describing the impairments, but there is no specific

classification system that can be used.



Causation and Timing

Identifying the exact time of the insult is often used as a form of classification,
which can be either a prenatal or post-natal insult, although this time is not always
known.
Statement of Problem

Children with CP demonstrate a variety of defects in body structures, including
decreased ROM, weakness, spasticity, poor balance and contractures (Gormley, 2001;
Shepherd, 1995) that effect their postural control and movement patterns, hence
interfering with the development of crucial functional tasks, such as walking (Gage,
2004). Children with CP walk with a less efficient gait pattern compared to their healthy
peers (Cavgna, Franzetti, and Fuchimoto, 1983), which limits their ability to participate
in typical activities for children their age (Rosenbaum et al., 2007; Sorsdahl, Moe-
Nilssen, & Strand, 2008). Without proper intervention, these problems will aggravate
with age and their condition will deteriorate (Jahnsen et al., 2003, 2004; Murphy et al.,
1995), impacting all aspects of their lives, including education and employment
(Donkervoort et al., 2007). Due to the deterioration of their health as they enter
adulthood, children with CP will require the utilization of many medical services, hence
increasing their medical expenses (CDC, 2004). Unfortunately, most of the current
interventions lack supportive evidence (Anttila et al., 2008), appropriate dosages (Taylor,
Dodd, & Damiano, 2005) or knowledge of the long-lasting effects (Anttila et al., 2008;
Wiart, Darrah, & Kembhavi, 2008), and they are too labor-intensive (requiring more than
one therapist) (Diaz, Gil, & Sanchez, 2011) to meet the needs of these children.

Additionally, current approaches target only the Body Function and Structures level of



the IFC (O’Neil et al., 2006). This could explain the lower rate of activity (Bjornson et
al., 2007) and participation level (Orlin et al., 2010) among children with CP compared
to their typical peers. It might also explain the increase in the demand for physical
therapy services, since there is no improvement at the activity and participation levels,
placing more financial burden on the families. Thus, there is a need to identify cost-
effective, evidence-based interventions that could effectively and efficiently improve the
deficits across the three domains of the ICF and fulfil the needs of children with CP and
their families.
Purpose of the Study

The overall aim of this study is to investigate the extent to which robot-assisted
task specific ankle training affects deficits across the three domains of ICF in children
with CP.
Research Questions/Aims/Hypotheses

The International Classification of Functioning, Disability and Health (ICF)
(WHO, 2015) was used as a framework to outline the research questions (Figure 2). The
ICF model is a framework developed by the World Health Organization (WHO) to
classify an individual’s health and disability (WHO, 2015). ICF is subdivided into two
components: (1) functioning and disability and (2) contextual components (Resnik &
Plow, 2009; WHO, 2002). The functioning and disability aspect is further divided into
three domains, including 1. Body Function and Structures, 2. Activity, and 3.
Participation in peer leisure activities (WHO, 2001); contextual components include
personal and environmental factors (Resnik & Plow, 2009; WHO, 2002). According to

WHO (2001), body function is defined as “physiological functions of body systems,”



while body structures are defined as “anatomical parts of the body.” The definition of
activity is “the execution of a mobility task or action by an individual,” and participation
is considered “involvement in a life situation” (Jette, 2006; WHO, 2001). ICF is
considered a comprehensive model because it accounts for an individual’s structure and
ability to function alone and with other members of society while also accounting for

factors within the individual and the environment (Whiteneck, 2006).
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Figure 2. ICF model (WHO, 2015)

The overall research question for this study is “Can robot-assisted, task-specific
ankle training improve deficits across the three domains of ICF in children with CP?”.
The subsidiary research questions are:

1. How can the robot-assisted, task-specific ankle training influence body function
and structures in children with CP?

e Specific Aim 1: To investigate the effectiveness of robot-assisted, task-

specific ankle training (InMotion Technologies Anklebot) in improving body
function and structures in children with CP.
e Sub-aim 1: To test the hypothesis that robot-assisted, task-specific ankle

training improves muscle strength, ROM, tone, balance, muscle



architecture, ankle control and coordination, and ankle performance in

children with CP.

Hypothesis:

e After completing the training program children with CP will demonstrate

bilateral increases in muscle strength and ROM of the lower extremity,
decreases in spasticity in gastrocnemius and hamstring (bilaterally),
increase of tibialis anterior (TA) thickness, increase in cross sectional area
of Achilles tendon (AT), medial gastrocnemius muscles and TA, increase
in pennate angle of TA, improvement in balance, increase in bilateral

ankle control and performance when compared to the start of the program.

2. How can the robot-assisted, task-specific ankle training influence activity in

children with CP?

e Specific Aim 2: To investigate the effectiveness of robot-assisted, task-

specific ankle training (InMotion Technologies Anklebot) in improving

activity deficits in children with CP.

Sub-aim 2a: To test the hypothesis that training improves spatiotemporal
gait parameters including walking velocity, step length, cadence, single
support duration and stance/swing duration after robot-assisted, task-
specific ankle training.

Sub-aim 2b: To test the hypothesis that training improves the level of
activity as measured by accelerometer (energy expenditure (EE) spent on
light, moderate, and vigorous activities, total EE, number of steps, and

total activity count (TAC)).



Hypothesis:

e After completing the training program children with CP will demonstrate
increases in gait parameters including walking velocity, step length,
cadence, single support duration and swing duration in addition to
decrease in stance time when compared to the start of the program.

e After completing the training program children with CP will demonstrate
increases in the level of activity as measured by accelerometer (EE spent
on light, moderate, and vigorous activities, total EE, number of steps, and
TAC) when compared to the start of the program.

3. How can the robot-assisted, task-specific ankle training influence participation in
children with CP?

e Specific Aim 3: To test the hypothesis that robot-assisted, task-specific ankle

training improves participation in children with CP.

Hypothesis:

e After completing the training program children with CP will demonstrate
increases in participation level (especially among the physical activity
categories including community life, mobility, personal care, housing and
recreation) when compared to the start of the program.

Significance

There has been increased concern about rising healthcare costs, poor quality of
services, and inconsistency in clinical practice. This study seeks to provide information
about a potential cost-effective intervention that requires less manual support from the

therapist, hence reducing patients’ wait time to be seen by a therapist. This study



proposes a clinically relevant intervention that relates changes in Body Function and
Structures to a greater performance in activity and participation levels, in addition to
introducing an approach that is built upon well-known theories, including motor learning,
neuroplasticity and dynamic system theory. By introducing this theory-driven
intervention, therapists could improve healthcare delivery and address the American
Physical Therapy Association’s (APTA) goals. APTA is an American professional
organization that represents physical therapists, and by 2020, physical therapists will
adapt theory-based clinical intervention (APTA, 2015). The study also addresses Healthy
People 2020 goals. Healthy People 2020 is a set of national objectives aimed to improve
Americans’ health: “1) attain high-quality, longer lives free of preventable disease,
disability, injury, and premature death; 2) achieve health equity, eliminate disparities, and
improve the health of all groups; 3) promote quality of life, healthy development, and
healthy behaviors across all life stages” (Healthy People, 2020).

This study focuses on people with disabilities, which is considered a priority for
research according to the Agency for Healthcare Research and Quality (AHRQ) (AHRQ,
2012). This study also addresses the mission of the National Institutes of Health (NIH)
“to seek fundamental knowledge about the nature and behavior of living systems and the
application of that knowledge to enhance health, lengthen life, and reduce the burdens of
illness and disability” (NIH, 2010). The proposed intervention “anklebot” is theorized to
enhance the life of children with CP and to reduce the burden of disability on their
families.

This study changed the typical approach to ambulatory rehabilitation for children

with CP from proximal to distal manipulation. Gait abnormalities in children with CP are



typically managed by a traditional approach that focuses on the proximal segment (hip) to
affect the patient’s gait by using braces (ankle foot orthosis). Patients are trained to walk
wearing braces, which help to support the ligaments and limit excessive inversion
(Hughes & Stetts, 1983; Laughman et al., 1980; Mack, 1982). However, braces restrict
patients’ abilities to participate freely in leisure activities, which is the rehabilitation’s
ultimate goal (Warken et al., 2015). Continuously wearing braces causes lesions to the
skin, especially in children with diabetes and skin disorders (Steinau et al., 2011).
Additionally, children will be dependent on using braces, and they will avoid using their
own muscles to restrict unwanted movement such as excessive inversion, resulting in
muscle atrophy in the ankle joint and a lack of the ankle’s ability to block unwanted
motion when they do not wear the braces (Greene & Wight, 1990; Hopper, McNair &
Elliott, 1999; MacKean, Bell & Burnham, 1995). Hence, this reduces their quality of life
(Steinau et al., 2011). Although braces are designed to support the ankle joint, they do not
improve stride length or gait velocity in children with CP (Carlson et al., 1997). Lehmann
et al. (1986) found that braces did not decrease foot slap occurrence in patients with a
dropped foot. Moreover, wearing braces restricts the ankle range of motion (Alves et al.,
1992; Anderson et al., 1995; Greene & Roland, 1989; Gross et al., 1992; Johnson, Veale,
& McCarthy, 1994; Kimura et al., 1987; Lofvenberg & Karrholm, 1993; Vaes et al.,
1998). This will affect the other joints on the lower limb, leading to changes in their
movement pattern (DiStefano et al., 2008). Studies showed that ankle braces limit ankle
motion in the sagittal plane (especially in dorsiflexion) during dynamic movements
(DiStefano et al., 2008; McCaw & Cerullo, 1999), which is crucial for energy absorption

(Norcross et al., 2013). Restricted dorsiflexors limit the ankle’s ability to absorb its usual
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amount of energy, leading to a disturbance in the amount of energy absorbed by hip and
knee joints (Devita & Skelly, 1992; McCaw & Cerullo, 1999). This will likely lead to
injuries to their structures that are not well prepared for the extra energy that is absorbed.
Waters & Mulroy (1999) provided evidence that a lack of ankle work due to impairment
will lead to at least a 20% rise in energy expenditure. So by focusing on ankle training,
this study examines a new approach to enhance gait, which is the ultimate goal for
parents of children with CP (Beckung, Hagberg, Uldall, & Cans, 2008; Palisano, Hanna,
Rosenbaum, & Tieman, 2010) hence decrease the risk of further secondary
cardiovascular and musculoskeletal injuries related to lack of activity (Bartlett &
Palisano, 2002; Bjornson, Belza, Kartin, Logsdon, & McLaughlin, 2007).

This study addresses two major knowledge gaps: (1) the efficacy of the new
approach that focuses on treating the distal segment to improve gait and is based on
skilled, defined movement of the ankle in children with CP; (2) the resultant outcome of
robot-assisted, task-specific ankle training on strength, tone, ROM, balance, gait, ankle
control, ankle performance, and muscle architecture for children with CP.

Theoretical Framework

The ICF is used as a framework to identify problems associated with CP, which is
rooted at the structural level but is extended to function, activity and participation (Figure
2). In children with CP, the reciprocal relationships between ICF domains are seen as the
various physical impairments, including muscle weakness, spasticity, restriction in ROM,
lack of balance and coordination impacting the ability to walk in an efficient manner,
hence limiting the child’ ability to play and participate in leisure activity. Therefore, in

this study we are proposing an intervention to facilitate improvements at the 1. Body
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Function and Structures (ROM, muscle strength, etc) domain, as well as the 2. Activity
(walking) and 3. Participation domains (engage in peer play). This will be accomplished
by using the ICF model to guide our assessment through a variety of outcome measures
to capture changes in the three domains of the ICF.

The theoretical foundation of “robot-assisted, task-specific ankle training” are
built on several principles of motor learning, neuroplasticity, and dynamic system theory,
which all fit in the ICF model.

Neuroplasticity

Neuroplasticity is the brain’s ability to reorganize and alter its structure,
connection, and function in response to stimuli (Cramer, 2011; Johnston, 2003). Research
showed that the brain is not hardwired, but can adapt and change throughout the human
lifespan (Nudo et al., 1997) during development, as well as in response to environmental
changes, insults, and therapy, which open new therapies opportunities, including robotic
therapy (Cramer, 2011; Nudo et al., 1997). Neuroplasticity takes different forms in adults
and children. In adults following injury, the preserved brain structures will take over the
function of the effected structure in a process called “reorganization of the brain
connections”, while in children, the lesion will alter the normal trajectories of ongoing
development, leading those certain brain functions to develop in atypical locations
(Staudt, 2010). In the last decade there have been increased interest about brain plasticity
following training. Studies on neuroplasticity showed enlargement in the motor cortex
map for the hand (Sawaki et al., 2008) and bilateral increases in sensorimotor grey matter
(Gauthier et al., 2008) following constraint induced movement therapy (CIMT).

Researches showed that plasticity and synapse formation occur at the later phase of
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training, while acquiring skills occur at the early phase of the training (Kleim et al.,
2004). Unfortunately, the exact time of the map reorganization is unknown, which raises
the question about the minimum period of training that causes brain plasticity. Kleim and
Jones (2008) identified the principles of experience dependent plasticity, which allowed
researchers to create more efficient therapeutic programs that drive neurological changes
in the brain, resulting in permanent change in physical behavior. These principles include
use it or lose it; use it and improve it; repetition matters; intensity matters; specificity;
salience matters; age matters; time matters’; transference; and interference (Kleim &
Jones, 2008).

The principle of “use it or lose it” has been investigated by several researchers,
showing that synapses activated by training are preserved, while synapses that are not
activated will fade or become pruned (Kleim & Jones, 2008). Several studies have shown
that visual (Fifkova, 1969; Hubel & Wiesel, 1965) and auditory (Perier, Buyse, Lechat, &
Stenuit, 1986) deprivation reduce the number of synapses in the cortex. It is evident that
using your limbs will cause plasticity, but in order to further enhance plasticity,
individuals need to engage in training, which is the base for the second principle of
plasticity. A study conducted on monkeys with intact brains showed enlargement in the
representation area of the digit in the motor cortex following fine digit movements
training (Nudo et al., 1996). Similar results were found following skill training for rats
with unilateral cortical lesions (Jones, Chu, Grande, & Gregory, 1999). Based on this
principle and by engaging our patients in skilled training, we helped them create a new

connection or change the current wiring to acquire or improve ability like walking.
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The second principle of neuroplasticity is repetition. Repetition is needed to
acquire the skill and make long-lasting change in behavior once the training is stopped
(Monfils et al., 2005). Evidence has shown there is no increase in the strength (Monfils &
Teskey, 2004) and number of synapses or change in movement representation in the brain
(Kleim et al., 2002) following skilled reaching training until after a few days of exercise
has taken place. Without enough repetition, patients will not gain skills that can last for
longer periods of time that exceed the training session. In addition, evidence from an
animal study showed that skilled reaching training using 400 repetitions daily increased
the synapse number (Kleim et al., 2002), whereas low-dose training of 60 repetitions did
not show any increase in synapse number (Luke, Allred, & Jones, 2004). Moreover, low-
dose training not only caused no change in synapse number but also weakened the
response of the synapse (Lisman & Spruston, 2005). Consequently, repetition to enhance
plasticity should be done with caution to avoid overuse injury, especially during the
vulnerable phase after an injury has occurred (Kleim & Jones, 2008). This is what makes
robotics so valuable because of the highly repetitive training. When patients move their
limbs repeatedly, this will help create and strengthen brain connection between neurons
responsible for that movement, eventually leading to mastering the skill.

In addition to repetition, there are other task attributes, such as complexity,
specificity, and engagement or motivation, which could enhance brain neuronal
connections and cortical mapping (Cramer, 2011; Kleim & Jones, 2008). Fisher et al.
(2001) found that rats trained in a more complex environment exhibited increased
synaptogenesis in the motor cortex compared to rats trained in a simple environment.

Also, the representation of the trained part was significantly altered after training (Fisher
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et al., 2001). Furthermore, tasks with higher complexity could induce bilateral
sensorimotor area activation, even though it is a unilateral task (Gauthier et al., 2008;
Kleim & Jones, 2008). In fact, the longer and more continuous the practice period, the
more reassignment of the cortex occurred (Elbert et al., 1995). Overall, robotic training
offers different games with varying difficulty levels, helping to cognitively engage
patients and challenge them, leading to skill learning.

Specificity is another attribute for plasticity. Kleim et al. (2004) found that skill
training led to synaptogenesis and map reorganization of movement representations,
which does not occur in unskilled training. Similarly, Perez et al. (2004) presented that
skilled ankle training improved corticospinal excitability compared to unskilled training.
Plasticity is driven by meaningful tasks because patients’ brains should attend to tasks to
create lasting changes (Cramer, 2011); otherwise, they will not be motivated to complete
the task or cognitively engage in training (Kleim & Jones, 2008). Evidence from a study
using animals illustrated that animals trained with rewards have an increase in cortical
representation (Weinberger, 2004). Consequently, offering specific training will help
patients acquire the wanted skills instead of simply reiterating unskilled training.

Neuroplasticity is also sensitive to age, which means that children are more
flexible to adaptation and have a greater capacity for plasticity (Chen et al., 2002b;
Gardner et al., 1955; Staudt, 2010). Furthermore, children recover more quickly from
injuries compared to adults because they are less experienced, which makes it easier to
fill out their empty map. In contrast, adults learn new skills in the presence of an existing
knowledge structure, leading to interference between these two types of knowledge,

making change more difficult (Cramer, 2011; Johnston, 2003). Equally important,
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children have more connections compared to adults (Johnston et al., 2001; 2003), and at
age two, children will have twice as many synapses as adults, which explains the greater
capacity for brain plasticity (Gilmore et al., 2007; Nowakowski, 2006; Rakic, 2006).
Moreover, from the age of two to early adulthood, plasticity will be enhanced (Johnston,
2003) prior to deteriorating due to a decrease in synaptogenesis (Greenough et al., 1986)
and cortical reorganization (Coq & Xerri, 2001) because of normal aging. This explains
the urgency to intervene early in life to enhance recovery and create a greater gain, as
well as clarifies our sample selection of younger children because their brains tend to
change and adapt more quickly than older brains.

Time is also a factor that impacts brain plasticity (Kleim & Jones, 2008).
Evidence demonstrated that the sooner we introduce intervention following injury, the
better results we achieve. This is evidenced in the study conducted by Biernaskie,
Chernenko, and Corbett (2004), which submitted that a five-week training introduced
five days after cerebral infarcts has better functional outcome and enhanced growth of
dendrites compared to the same program delivered thirty days after cerebral infarcts.
Hence, we focused on young children in this research due to their greater opportunity for
brain rewiring.

Another principle of neuroplasticity is transference, where training-specific parts
induce plasticity in different areas in the brain. Pascual-Leone et al. (1995) indicated that
fine-digit task training increases corticospinal excitability and hand representation in the
motor cortex. Plasticity could also interfere with learning, where maladaptive or negative
plasticity, such as compensatory movement, could inhibit task learning. Additionally,

Boyd and Winstein (2006) found that giving stroke patients specific instructions
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regarding tasks interferes with their learning ability, whereas explicit directions enhanced
learning in healthy people. Therefore, therapists should pay attention to the changes that
brain damage creates in neural response, as well as interference effects, to diminish any
interference factors to neuroplasticity and learning (Kleim & Jones, 2008). Indeed, this
was evident in our subjects with CP, who learned an easy way to walk with
compensation, making it harder for us to teach them the proper way. By understanding
this principle, we worked to remove any interference that impacted positive plasticity.
Motor Learning

Motor learning theory explains how individuals learn or relearn to perform
movement (Shumway-Cook & Woollacott, 1995). Motor-learning principles indicate that
short periods of intense training are needed to bring about changes in behavior measured
after the retention period (Zwicker & Harris, 2009). These principles also emphasize the
importance of feedback regarding learning ability (Zwicker & Harris, 2009). Another
significant principle in motor learning is the type of practice—whole task versus part
task—which can be determined based on the complexity of the task. Focusing on learning
parts of the task is crucial, especially in the early stages of learning because it helps to
facilitate skill acquisition of the whole task (Zwicker & Harris, 2009). Furthermore,
studies have shown that including rest periods during practice repetitions (distributed
practice) and introducing variable practice (e.g., walking on different surfaces rather than
on the same surface) can result in improving retention compared to a single task of
massed practice (Lee & Genovese, 1988; Shea & Kohl, 1991) as well as increase the
transferability to other tasks of activity of daily living (ADL) (Krakauer, 2006).

Researchers have shown that random practice is superior to blocked practice because it
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does not rely on memorizing and routinely repeating the movement, instead involving a
high level of cognitive interference to problem solve each task (Krakauer, 2006; Li &
Wright, 2000; Shea & Morgan, 1979; Wright, Black, Immink, Brueckner, & Magnuson,
2004). This principle does not interfere with the neuroplasticity principle of repetition. As
much as repetition is important, it is also important to challenge the patient cognitively to
enhance retention and transferability of the skills to another task. In summary, the
previous evidence showed that these motor learning principles including short periods of
part task which is intense, distributed, variable, random practice with feedback could
influence learning in individuals with CP. Understanding these principles will help us to
better incorporate these principles into our rehabilitation training program to augment it
effectiveness.

Dynamic System Theory (DST)

Dynamic system theory (DST) describes the motor development of human beings
across the life span (Effgen, 2012). This theory was built on the work of Nikolali
Bernstein (1967) and that of many researchers who followed him (Adolph & Berger,
2006; Kelso, Holt, Kugler, & Turvey, 1980; Kelso & Tuller, 1984; Thelen, Kelso, &
Fogel, 1987; Thelen & Smith, 1998). DST helps clinicians to understand the process of
development of movement and change in the movement pattern (Smith & Thelen, 1993),
which is organized by interaction of numerous sub-systems within the person,
environment, and task (Thelen, 1989). Different components within individuals,
including muscle strength, ankle control, and postural support, will interact (in addition to
others) with environmental components such as gravity to create the most well-organized

movement for each specific task (Thelen, 1989). The development of movement is non-
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linear (Thelen, 1989), which means that the development does not occur at a steady rate,
but rather each sub-system develops at its own rate. This development can be constrained
by factors within individuals and the environment, which are called rate limiting factors
(Howle, 2002). Any change in one sub-system will change the whole system, creating a
new behavior (Smith & Thelen, 1993). So clinicians need to identify the rate limiting
factors that limit the behavioral change and target them by intervention (Howle, 2002). |
hypothesize that the lack of ankle dynamic control during gait is the most significant rate
limiting factor that prevents children with CP from walking more efficiently and hence
limits their participation. By training their ankles more efficiently, I expect children to

improve their balance and walking patterns.
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CHAPTER II. LITERATURE REVIEW

This chapter presents a comprehensive review of the literature on CP, current approaches,
upper- and lower-limb assisted robotics therapy as well as that on ankle robotics and its
challenges.
Cerebral Palsy

Children with cerebral palsy (CP) present with devastating issues that limit their
ability across the three domains of the ICF. Based on the ICF model, children with CP
experience limitation in body function including spasticity, muscle weakness, a decreased
ROM, poor selective voluntary motor control, and contractures (Gormley, 2001,
Shepherd, 1995). Due to these structural abnormalities, children with CP typically walk
with an abnormal gait (Gage, 2004), which manifests with excessive hip flexion, in-toe
walking (Wren, Rethlefsen, & Kay, 2005), a rigid knee during the swing phase
(Sutherland and Davids, 1993; Wren, Rethlefsen, & Kay, 2005), hip internal rotation
(Arnold & Delp, 2005), dropped foot (Wren, Rethlefsen, & Kay, 2005), and crouch gait
(Bell et al., 2002; Wren, Rethlefsen, & Kay, 2005). This leads to limited walking
abilities, including speed, energy cost, and balance (Van der Krogt, 2009). Children with
limited walking abilities are often not able to play with their friends, restricting their
social interactions (Huijing et al., 2013), which can further isolate them from society.
Lack of peer engagement results in limited opportunities to develop skills and the
competencies necessary to find a job and to live independently (Liptak, 2008). Engaging
in play experience will give the children the opportunities to actively access and discover
the world around them enhancing skill develop. If children miss these opportunities for

routine peer interaction crucial skills will be delayed or not appear at all (Takata, 1974).
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One study showed that children with disabilities are at risk for significant play
deprivation (Brown & Gordon, 1987) that has a direct impact on self-efficacy and self-
competence. Usually, children with CP engage in quiet play that is less varied than the
play of children without disabilities; moreover, they play mostly with adults in limited
active recreation activities (Brown & Gordon, 1987). So, focusing on ambulation and gait
mechanic is crucial because it may be the key to transition into independency and
efficiency in day-to-day activities. Additionally, as the children get older, their
musculoskeletal problems will put extra stress on their bodies and put them at greater risk
of decline (Jahnsen et al., 2003, 2004; Murphy et al, 1995). Children will suffer from
chronic immobility, impaired bone health (osteoporosis), and mental health issues
(disability-related depression) as they grow old. It has been found that 75% of individuals
with CP stopped walking by age 25 due to fatigue and walking inefficiency (Murphy et
al., 1995). Additionally, those individuals with poor gait function requiring the use of gait
aids during childhood (GMFCS level I11) are more likely to report a deterioration in
walking ability or stop walking entirely when they reach adolescents (Jahnsen et al.,
2003; Opheim, Jahnsen, Olsson, & Stangelle, 2009).

Due to their health deterioration as they enter adulthood, children with CP will
maximize their utilization of medical services. The Centers for Disease Control and
Prevention (2004) has estimated that the lifetime cost to care for an individual with CP is
nearly $1 million. Age-related deterioration will limit the ability of individuals with CP to
socially interact, live independently, and sustain employment. Evidence showed that the
older age group (over 22 years) is less socially active than the younger group (15-18

years) (Stevenson et al., 1997). In a survey of adults with CP living in Denmark
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(Michelsen et al., 2006), only 68% lived independently; in a survey from the Netherlands,
Donkervoort et al. (2007) found that 20-30% of the adults with CP had restricted social
participation, including taking responsibility, community living, leisure activities, and
employment. Data show that people with disabilities are less likely to find jobs compared
to their peers without disabilities (Michelsen et al., 2005; UNH, 2014). The employment
rate among individuals with disabilities is 34% compared to that of individuals without
disabilities, which is 74.2% (UNH, 2014). Employment has been consistently reported to
be lower in adults who have CP than in comparable adults without disabilities (Michelsen
et al., 2005). Thus, in order to reduce the risk of such declines due to aging, therapist
should intervene early and aggressively (Jahnsen et al., 2003, 2004; Murphy et al, 1995).
Current Approaches

The ICF model (WHO, 2001) guides physical therapy interventions. This helps
therapists to design interventions that target the three domains of ICF, including Body
Function and Structures, activity, and participations (Rauch, Cieza, & Stucki, 2008).
Evidence support early and aggressive intervention to maximize children’s ability and
minimize compensations and contractures (Harris, 1991; Low, 1980; Molnar, 1985;
Shonkoff & Hauser-Cram, 1987). If therapists intervene early in the child’s life, his or
her GMFCS level will change; otherwise, it will be hard to change the level when the
child gets older (Palisano et al 2007). Several therapeutic approaches such as
neurodevelopmental therapy (NDT), Adeli Suit programs, ROM and passive stretching
exercises have been used to treat children with CP in order to improve their walking
pattern. Most of these current practices have failed to provide evidence of effectiveness

or superiority either because (1) they involve multiple types of exercise, (2) targeting
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only at the level of the Body Function and Structures (O’Neil et al, 2006), (3) do not have
a carry-on effect (Anttila et al., 2008), (4) deliver low doses of training, or (5) too labor
intensive.

Therapies that contain multiple types of exercises such as NDT (Butler & Darrah,
2001), Adeli Suit programs (Bar-Haim et al., 2006), and conductive education (Odman &
Oberg, 2006) lack evidence to support their effectiveness in the CP population due to
lack of delivery standardization (Damiano, 2009). For example, approaches like ROM
exercises target only at the level of Body Function and Structures (O’Neil et al, 2006)
without attention to activity or participation, which is the ultimate goal of rehabilitation
according to the Il STEP conference recommendation (Damiano, 2006). Although these
children will likely improve at the structural level, it is unlikely that significant
improvement at the activity and participation levels will be achieved, which could
question the efficacy of this intervention. Another common therapy is passive stretching,
which has an immediate effect in improving spasticity, but evidence has failed to show
any long-lasting benefit (Wiart, Darrah, & Kembhavi, 2008).

Although strength training is an effective approach, it needs to be continued
regularly with very high doses to produce a significant change in the child’s activity level
(Taylor, Dodd, & Damiano, 2005). Most of the effective traditional therapies require
more than one therapist to manually support the patient’s legs during walking (Diaz, Gil,
& Sanchez, 2011), reducing the number of patients seen by each therapist. This results in
a long waiting list. Additionally, there are not enough certified therapists to effectively
perform this intervention in a sustainable way; according to a new study from The

Conference Board, there will be a shortage in physical therapists over the next decade
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(APTA, 2014; TCB, 2014). This labor-intensive therapy will impose an economic burden
on the healthcare system (Diaz, Gil, & Sanchez, 2011). Hence, more cost-effective
interventions are needed.
Drawbacks of Current Approaches

The main features of efficient therapy for movement disorders seen in patients
with CP are massed practice, functional relevance, and cognitive engagement of the
patient (Charles, Wolf, Schneider, & Gordon, 2006; Damiano, 2006). Unfortunately,
current approaches have failed to deliver the adequate intensity of training which is
essential for skills development within the typical session due to limited training time
(Fasoli et al., 2008). Highly intense and repetitive approaches that exceed therapist ability
in one session (e.g. 1000 repetitions) are needed to improve motor function in
populations with movement disorders.
Development of Robotics-Based Approaches

In an effort to augment the effect of physical therapy interventions, robotic
technology has been developed for better functional training in the clinical environment
(Basmajian et al., 1987; Burgar, Lum, Shor, & Van der Loos, 2000; Daly et al., 2005;
Krebs, Hogan, Aisen, & Volpe, 1998; Krebs, Volpe, Aisen, & Hogan, 2000; Lum,
Burgar, & Shor, 2004; Reinkensmeyer et al., 2000). Robotics is defined as ‘‘the
application of electronic, computerized control systems to mechanical devices designed
to perform human functions’’ (Kwakkel, Kollen, & Krebs, 2008). Rehabilitation robotics
deliver high intensity, task-specific and controlled training that is highly engaging, which
is consistent with the current effective rehabilitation paradigm for children with CP

(Fasoli, Ladenheim, Mast, Krebs, 2012; Krebs et al., 2009). The interest in using robotic
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therapy has been increasing recently (Reinkensmeyer, Emken, Cramer, 2004; Riener,
Nef, & Colombo, 2005), resulting in the development of many robotics devices for
delivering training for upper and lower extremities, including an arm interactive therapy
system (Diaz, Gil, & Sanchez, 2011), the Bi-Manu-Track (Basmajian et al., 1987), the
Mirror-lmage Motion Enabler (Burgar et al., 2000), treadmill gait trainers (Diaz, Gil, &
Séanchez, 2011), foot-plate-based gait trainers (Diaz, Gil, & Sanchez, 2011), and ankle
rehabilitation systems (Diaz, Gil, & Sanchez, 2011).
Advantages of Assisted Robotics Therapy

Assisted robotics therapy offers benefits to both the patients as well as the
healthcare system. This can include delivering high repetition, task specific training that
exceed therapist ability, objective measurement and visual feedback during intervention,
motivating and engaging intervention, increase patients’ compliance with the treatment,
ability to be tailored to each patient’s need, increase the efficiency of therapists, and it
more cost- and time-efficient.
High-repetition

Robot-assisted training delivers the high-repetition movement needed to induce
neuroplasticity (Nudo, 1997) which a therapist cannot deliver in a typical session.
Evidence showed that treatment that focuses on repetitive practice of movements and
functional activities is more effective than conventional treatment that focuses on
teaching techniques and encouraging self-practice (Butefisch, Hummelsheim, Denzler, &
Mauritz, 1995; Kwakkel, Kollen, & Lindeman, 2004; Parry, Lincoln, & Vass, 1999).

Another study supported the effectiveness of highly repetitive movement training
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facilitated by external forces applied to the limb in subjects with severe impairments
(Feys et al., 1998).
Task Specificity

In addition to high repetition, task specificity is an important driver in an effective
intervention (Van Peppen et al., 2004). Robot-assisted, task-specific training provides
specific functional training to induce plasticity in the brain and cause permanent changes
in behavior.
Measurement Tool

In traditional approaches, therapists wait until the next session to change a
training approach. Robotic therapy, however, provides a measurement tool which helps
therapists understand patients’ performance and allows them to adjust therapeutic
interventions in real time (Roberto et al., 2007). Moreover, the intrinsic feedback
provided by robotics devices has been found to allow patients to process their
performance and eventually develop a motor plan to correct themselves, rather than being
offered a solution by the therapist (Muratori et al., 2013; Sidaway et al., 2012). A recent
study showed that using visual and auditory feedback cues in training individuals with
gait disorders due to CP could improve walking speed up to 25% and stride length up to
13%, compared to the group who were trained without feedback (Baram & Lenger,
2012).
Engaging and Motivating

Robot-assisted therapy is also engaging and highly motivating compared to

traditional therapy; thus, it will increase patients’ compliance with therapy. The level of
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engagement is greater among children due to their familiarity and interest in computer
games and technology (Fasoli, Ladenheim, Mast, & Krebs, 2012).
Increase Patients’ Compliance

Evidence showed that robot-assisted therapy increases patients’ compliance with
the treatment by introducing incentives such as games (Kwakkel, Kollen, & Krebs, 2008;
Roberto et al., 2007).

Active Assisted (As Needed)

The newest designs of the robot-assisted devices allow them to be tailored to each
patient’s need (Roberto et al., 2007). They assist patients to perform a movement when
they fail to move their body parts to reach a target in time and alter the amount of
assistance they provide to patients based on their needs.

Work Efficiency

Rather than replacing clinicians, robotic therapy will increase the efficiency of
their work. Instead of delivering limited-repetition, labor-intensive, manual intervention,
therapists will play a more supervisory and guiding role. This will enhance their
productivity without compromising the quality of care or the dosage of treatment (Krebs,
Volpe, Aisen, & Hogan, 2000).

Cost- and Time-efficient

Another benefit of using certain robot-assisted devices is that they are more cost-
and time-efficient than are transitional approaches. They can be used in a group therapy
format or individually at home, which will reduce the cost of therapy (Daly et al., 2005).

They can potentially reduce the expense of traveling to a physical therapy department and
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increase the time available for training, especially if they are used at home (Kwakkel et
al., 2008).
Previous Work in Upper-Limb Robotics
Research has shown the benefits of implementing upper-extremity robotics in

rehabilitation programs for adults with clinical conditions. Previous studies have
primarily focused on conditions related to stroke (Kutner et al., 2010; Takahashi et al.,
2008), spinal cord injuries (Cortes et al., 2013; Sledziewski, Schaaf, & Mount, 2012),
Parkinson’s disease (Levy-Tzedek et al., 2007; Picelli et al., 2014) and multiple sclerosis
(Carpinella et al., 2012). However, upper-extremity robotic rehab as begun to be used for
children with CP (Fasoli et al., 2008; Frascarelli et al., 2009) because the clinical
condition of CP results in movement disorders and activity limitations that are similar to
what is seen in many of the adult conditions. It is expected that if studies of adults show
significant results following robotics training, similar results will occur with children.
This may be especially impactful when considering that a child’s brain possess a larger
capacity to reorganize compared to adults, as they have more connections and synapses
(Gilmore et al., 2007; Johnston et al., 2001; 2003; Nowakowski, 2006; Rakic, 2006), lack
compensatory patterns, and the brain is less experienced and still developing, which make
it more flexible to adaptation (Chen et al., 2002b; Gardner et al., 1955; Staudt, 2010).
Adult Studies

Most robotic therapy research has focused on adults and mostly with upper limb
impairments following stroke, spinal cord injuries, Parkinson’s disease and multiple
sclerosis (Aisen et al., 1997; Cortes et al., 2013; Picelli et al., 2014; Stein et al., 2004).

Fasoli et al. (2003) reported improvement in muscle strength in the shoulder and elbow
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following upper-limb robotic therapy. Kahn et al. (2001) showed improvement in active
joint movement excursion in the shoulder and elbow during post-robotic intervention.
Research also reported gains in proximal arm strength, reduced motor impairment at the
shoulder and elbow, and greater recovery in activity of daily living (ADL) functions in
individuals with subacute stroke who received 25 hours of robotic therapy (Volpe et al.,
2000). Takahashi et al. (2008) provided evidence that upper-limb robotic training
enhanced hand motor function in individuals after a stroke. Another study showed
improvement in activities, participation levels and quality of life in patients after a stroke
(Kutner et al., 2010). These functional gains did not show up immediately after training,
but they appeared during follow-up testing (Lum et al., 2002). Additionally,
improvements were seen in both acute and chronic patients with stroke (Daly et al.,
2005).

Similar results were seen in individuals with spinal cord injuries, including
positive changes in active ROM, arm strength, perceived upper-limb function, self-care
ability, and the smoothness of movements (Cortes et al., 2013; Sledziewski et al., 2012).
Similarly, a number of studies showed significant improvement in arm function after
robot-assisted arm training in patients with Parkinson’s disease (Levy-Tzedek et al.,
2007; Picelli et al., 2014). Carpinella et al. (2012) found that upper-limb robotic therapy
significantly decreased arm tremors and enhanced functional ability and arm kinematics
for those with multiple sclerosis.

Children Studies
Since robotics therapy is a new approach for treating children with neuromuscular

disorders, only a few studies have been conducted to investigate the feasibility and
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benefits of using this intervention with these children (Aharonsona & Krebs, 2012;
Fasoli, Fragala-Pinkham, Hughes, Hogan, Krebs, Stein, 2008; Fluet et al., 2010;
Frascarelli et al., 2009; Krebs et al., 2009). Recent studies showed significant gains in the
quality of upper-limb skills, coordination, isometric strength of elbow extensors,
smoothness of movements and upper-limb function, as well as a decrease in muscle tone
of elbow flexors and pronators in children with moderate to severe CP years after their
diagnosis (Fasoli, Fragala-Pinkham, Hughes, Hogan, Krebs, & Stein 2008; Frascarelli et
al., 2009). A study by Fasoli et al. (2008) showed that robotic therapy is effective when
combined with botulinum toxin type A (BTX-A) injections for improving upper-limb
motor coordination, function, muscle tone and quality of motor performance in children
with moderate CP. Several studies showed that robot-assisted therapy is a motivating and
tolerable approach for children with moderate to severe hemiplegia due to CP (Fasoli,
Fragala-Pinkham, Hughes, Hogan, Krebs, & Stein, 2008; Frascarelli et al., 2009; Krebs et
al., 2009). A study by Wood et al. (2013) showed greater improvement in the ROM of
forearm supination and wrist extension following upper-limb robotics training compared
to conventional therapy. Upper limb robotic therapy combined with virtual reality
resulted in greater improvement in the quality of upper-limb movement and reaching
kinematics (movement smoothness and path length), as well as active ROM for shoulder
abduction, flexion and forearm supination, than either intervention alone (Fluet et al.,
2010). A randomize control trail showed that children with CP who received robot-
assisted therapy combined with traditional therapy had more gains in smoothness of
movement (P < .01) and manual dexterity (P < .04) scores compared to children who

received traditional therapy alone (Gilliaux et al., 2015).
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Krebs et al. (2012) found that robotics therapy not only causes significant
improvement in trained movement that is sustained at follow-up assessments, but it
transfers to other movements that were not trained. This indicates motor learning that
exceeds the training effect. Qiu et al. (2010) found improvement in grip and pinch
strength, kinematic measures in the form of movement time, path length and smoothness.
The study also showed improvement in the overall upper-limb function as measured by
the Melbourne Assessment of Unilateral Upper Limb Function (Qiu et al., 2010). Similar
results were found in regard to kinematic measures in which robotics therapy decreased
reach duration and path length, while improving movement smoothness and velocity (Qiu
etal., 2011). Ladenheim et al., (2013) showed that children with CP or acquired brain
injury who have a sequential presentation of targets have greater initial gains following
robotics training, while the random group have greater retention at the six-month
assessment. The proposed protocol in the reviewed studies is composed of 384-640
repetitive movements for the involved limb two to three times a week for a period of 6-8
weeks.

Previous Work in Lower-Limb Robotics

The results of previous research show that lower limb robotics training improves
patients’ walking ability similar to that of manual locomotor training; however, lower
limb robotics required less clinicians’ assistance and less discomfort to the therapist
(Diaz, Gil, & Sanchez, 2011). Implementation of lower-extremity robotics has been
studied with adults post-stroke (Roy et al., 2009; Zhang et al., 2013), multiple sclerosis
(Goodman et al., 2014), and most recently with children with CP (Burdea et al., 2013;

Cioi et al., 2011), which revealed improvements in ankle motor control seen in the
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increased targeting accuracy, speed, and smoothness of movements (SM) in the
dorsiflexion—plantar flexion range and an overall improvement in walking speed (Banala,
Kim, Agrawal, & Scholz, 2009). Girone (2000) showed improvement in ROM and ankle
torque following Rutgers Ankle prototype robotics training, leading to improved walking
patterns in patients with chronic ankle instability and hypomobility following fractures.
Boian et al., (2002) reported improvements in ankle performance and walking patterns as
a result of increased power generation and walking endurance following the use of the
Rutgers ankle robot in individuals post stroke. Several studies have reported on the
effectiveness of lower robotics in improving ankle muscle strength, ROM, joint stiffness,
spasticity, motor control, balance, gait parameters, quality of life and game performance
(Boian et al., 2003; Burdea et al., 2013; Cioi et al., 2011; Cordo et al., 2008; Deutsch et
al., 2007; Homma et al., 2007; Mirelman et al., 2009; Selles, 2005; Wu, 2011). Very few
studies have been conducted on children with CP, although they are the population most
in need of this kind of engaging intervention.
Children Studies

Early evidence indicates that a robotic driven gait orthosis (DGO) is effective in
improving gait speed and GMFM scores (Dimension D and E). It also emphasizes the
importance of using augmented feedback during therapy to maximize improvements in
walking speed, function, and endurance (Patritti et al., 2010). Children with bilateral
spastic CP showed improvements in standing and walking, as measured by GMFM
(Dimension D and E), after three weeks of robotic-assisted treadmill intervention.
Improvements in the functional task of standing (Dimension D) were greater in children

at GMFCS level 111, while children at level I and Il showed greater gains in walking
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(Dimension E) scores (Borggraefe, Kiwull, Schaefer, Koerte, Blaschek, Meyer-Heim, &
Heinen, 2010; Patritti et al, 2010). Meyer-Heim et al. (2009) showed that 5 weeks of
driven gait orthosis training significantly improved gait speed and GMFM (Dimension
D). Borggraefe et al. (2010) further examined the sustainability of the functional
improvements gained following three weeks of robotic assisted treadmill training in
children and adolescents with gait disorders after a follow-up period of six months.
Following the three weeks of training, results showed significant improvement in GMFM
(Dimension D and E), gait speed, and endurance, which was sustained at the 6 month
follow-up assessment. Similarly, a randomized control trial by Smania et al. (2011)
showed that repetitive locomotor training with an electromechanical gait trainer (Gait
Trainer GT I) improved gait speed, step length, endurance, and kinematic measures of hip
joint angles in ambulatory children with diplegic or tetraplegic CP. These improvements
were persistent at the one month follow-up testing session and it was greater with the
robotic group compared to control group who received only traditional therapy.
Unfortunately, there were no significant changes in activity level as measured by the
Functional Independence Measure (WeeFIM), which might be due to the short training
period (10 training sessions). Training protocols across these studies were different.
Introducing Ankle Robotics and Its Challenges

Recent advances in robotic-based therapy have led to the invention of a new
system called “robot-assisted, task-specific ankle trainers” (InMotion Technologies
Anklebot) (Figure 3) that are designed to improve the function of the ankle joint through

task-specific, robot-mediated activities.
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Figure 3. InMotion Technologies Anklebot, Watertown, MA

The robot-assisted, task-specific ankle trainer works through a three degrees of
freedom computer-controlled device. It has one foot plate attached to an actuator, with
two bars that go up and down with the child’s ankle movement, which is connected to a
video display. The participant’s shoes are attached by straps to the footplate. A full
description of the design and function of robot-assisted, task-specific ankle trainers is
provided in chapter 3.

The Uniqueness of Ankle Robotics

There has been an increased interest in addressing problems distally by focusing
on treating the ankle (Blaya & Herr, 2004; Roy et al., 2009) due to the importance of this
joint, the severity of its involvement and its mechanical relationship with other joints.
The Importance of the Ankle/Foot

The importance of the ankle joint comes from its location at the distal segment of
the body, where it provides a base of support that is essential to maintain balance (Cote et
al., 2005). Additionally, due to its distinct location, it can sense changes in the surfaces
and hence, alters its posture in response (Ferris and Farley, 1997; Ferris et al., 1998).

Also, the uniqueness of tri-planar motion of the foot allows it to work as a shock absorber
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(Roy et al., 2011) during pronation movement when the foot is dorsiflexed, everted, and
abducted to unlock MidTarsalJoint (MTJ), providing the foot more mobility and enabling
it for shock absorption. On the other hand, the tri-planar motion of supination
(plantarflexion, inversion, and adduction) help lock the (MTJ), leading to a rigid foot that
is necessary for forward propulsion during the gait cycle (Lark et al., 2003). During gait,
the ankle joint performs the largest portion of work compared to the other joints (Winter,
1991). During a single stride, the plantar flexors provide 35-50% of mechanical power to
allow for the forward thrust (Eng & Winter, 1995; Teixeira-Salmela et al., 2008;
Umberger & Martin, 2007).

The Severity of Ankle Involvement

The ankle joint is more severally involved compared to the hip joint, making it
logical to be targeted first for treatment (Gage, 2004). Dorsiflexors and plantar flexors are
weaker in children with CP by about 30-35% compared to their normal peers (Burdea et
al., 2013; Cioi et al., 2011). Recent results indicated that targeting these muscles with
strengthening exercises could improve ankle function and overall gait patterns in children
with CP (Dodd et al., 2003).

The biggest problem in the lower limb in children with CP is developed in the
ankle joint and is called a “drop foot.” Drop foot occurs due to weakness in the
dorsiflexors, which are responsible for elevating the foot in the early stance and swing
phases (Roy et al., 2009). If left untreated, dorsiflexors deteriorate further as the child
gets older (Hagglund & Wagner, 2011). Children with drop foot lack eccentric ankle
control, which makes them slap their foot to the ground during heel strike and drag their

toe during mid-swing, leading to an increased risk of falling and developing a
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compensatory gait pattern (Perry & Davids, 1992), including an anterior trunk lean. The
child will lean forward to compensate for the weak dorsiflexors and knee extensors,
bringing the center of mass in front of the knee, which may cause unsafe loading patterns
on joints (Shankman & Manske, 2014, p. 229). In addition to dorsiflexion weakness,
children with drop foot will have excessive inversion, leading to lateral instability in
stance phase and toe contact in the swing phase (Roy et al., 2009). Overall, drop foot
limits children’s activity and participation levels, resulting in poor quality of life (Steinau
etal., 2011).
Ankle Joint in Relation To Other Joints

Abnormalities in the ankle joint’s structure have an effect on its mechanics as
well as the mechanics of the knee and hip joints. The most common abnormality in the
ankle seen in children with CP is weakness in the dorsiflexors and hyper-pronation due to
foot drop, resulting in a long limb (Winters, Gage, & Hicks, 1987). When the foot
pronates excessively, this pulls the foot into dorsiflexion, abduction, and eversion, which
limit plantarflexion during the swing phase, leading to foot slapping at initial contact
(Winters, Gage, & Hicks, 1987). The excessive pronation drag the tibia inward, followed
by internal hip rotation and hip adduction due to the tibia’s connection with the femur
(Khamis & Yizhar, 2007). When the hip is internally rotated, this pushes the head of the
femur posteriorly, resulting in anterior titling of the pelvis (Winters, Gage, & Hicks,
1987). When the pelvis tilts anteriorly, the leg shortens, and lordosis in the lumbar spine
increases (Winters, Gage, & Hicks, 1987), leading to other compensations, such as

scoliosis (McCaw, & Bates, 1991). Additionally, to further shorten the leg, the knee joint
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flexes during the heel strike, causing the hip to flex further to maintain the center of
gravity above its base of support (Winters, Gage, & Hicks, 1987).
Studies on Ankle Robotics

Several feasibility studies have been conducted on normal children (Krebs et al.,
2011) as well as children with lower limbs impairments including CP (Michmizos et al.,
2015; Michmizos & Krebs, 2012; Rossi et al., 2013) and have found that the anklebot can
be used easily and efficiently with these children (Krebs et al., 2011). Forrester et al.
(2011) showed improvement in the effected ankle’s motor control in the form of
increased target success and faster and smoother movements following ankle robotics
training. Improvements in gait speed and the duration of paretic single support are also
seen, in addition to a decrease in the duration of double support. Forrester et al. (2014)
suggested that ankle robotics therapy is well-tolerated during early subacute stroke
hospitalization and improves ankle motor control and gait parameters (speed and
symmetry). A study by Michmizos et al., (2012) showed that the games offered by
ankelbot (the race, the soccer and the shipwreck games) are very engaging, which
promotes motor learning.
Gap in Literature

Although the reviewed literature on robotic therapy was not organized by the
three domains of the ICF, it shows robotic therapy benefits for improving deficits across
these three domains in individuals with a variety of disabilities. Upper robotic modalities
appear to be feasible in individuals with stroke, spinal cord injuries, Parkinson’s disease,
multiple sclerosis, and CP with the potential to promote improved proximal arm strength,

coordination, active ROM, perceived upper-limb function, self-care ability, SM, ADL,
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and reduced motor impairment at the shoulder and elbow. Lower robotics is feasible in
stroke, multiple sclerosis, and CP populations with the potential to enhance targeting
accuracy, speed, and SM in the dorsiflexion—plantar flexion range, spasticity, muscle
strength, joint stiffness, motor control, balance, quality of life and an overall
improvement in walking speed. However, there have not been any studies specifically
investigating robotic-assisted ankle trainers in children with CP to promote recovery in
the three domains of the ICF. Therefore, additional research is needed to determine the
effectiveness of the robot-assisted ankle trainer (Anklbot) on children with CP. Hence,
this study was conducted to investigate the extent to which this robotic intervention

impact deficits in pediatric rehabilitation.
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CHAPTER IlIl. METHODS

Indiana University’s Office of Research Administration provided institutional
review (Appendix 1), and informed consent (Appendix 2) and assent (Appendix 3) were
collected for all participants prior to baseline.
Study Design

This study uses a quasi-experimental, single group repeated measures design with
four time-testing points through a set training session/protocol (Figure 4). Participants
underwent a 6-week program that included two 45-60 minute sessions per week, for a

total of 12 sessions.

Quasi-Experimental Repeated Measure Design

Training Program LG}
Effect

Maturation & Other
Therapies Effect

Learning Effect ‘I

Initial baseline Baseline 6 Weeks Immediate Training Follow up
- 1 -m(?nth prior tlo . .1.w¢.3ek prior‘tt? (60 min. session 1 week post training 1 month post
initiation of training initiation of training training

biweekly)

Figure 4. Study Design
Participants

A convenience sample of five children with CP were recruited by flyer (Appendix
4) from several clinics in and around Indianapolis (Appendix 5). A study overview is

provided in Figure 5.
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Evaluation 1 *  Fixed contractures
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Fail to comply with the full
protocol

Evaluation 2 +  Fail to fit the robotic trainer
(one week prior to the initiation of training) properly

Training for 6 weeks

Evaluation 1
(one week post training)

Evaluation 1
(one month post training)

Figure 5. Study Overview

Inclusion criteria are as follows: diagnosis of CP, ages 4-12 years, adequate
cognitive and visual abilities to understand the instructions, Tardieu spasticity grade less
than or equal to three at ankle plantar flexor muscles, ability to independently stand and
walk with or without assistance, and a classification of level I1-111 in the Gross Motor
Function Classification System (GMFCS). Children with significant visual or hearing
deficits, uncontrolled seizure, bone instability, open skin lesions, circulatory problems,
cardiac contraindications to physical activity, extremely disproportionate growth of the
legs, and fixed contractures were excluded from the study. Additionally, children who
fail to comply with the full protocol (due to comprehension & attention deficits) or fit the
robotic trainer properly were excluded.

Outcome Measurements

To answer the study’s various questions, several physical parameters (e.g.,

strength, tone, ROM, balance, gait parameters, muscle architecture, selective motor

control, ankle performance, and participation level), were collected at four time points
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through a set training session (Figure 4). Time point 1 values (initial) were collected 1
month prior to the initiation of training. Time point 2 values (traditional baseline) were
collected 1 week prior to the initiation of training. Time point 3 values (immediately)
were collected 1 week following the completion of training. Time point 4 values (follow
up) were collected at a 1 month follow-up. Two physical therapy students (EF and KB) in
addition to the main researcher (MH) collected the data. Outcome measures for (1) Body
Function and Structures included Pediatric Balance Scale (PBS), Boyd and Graham
selective motor control test, hand held dynamometer (HHD), goniometer, Tardieu Scale
of spasticity, ultrasound, and robotic evaluation. Outcome measures for (2) Activity
included gait mat analysis and accelerometer. Outcome measures for (3) Participation
included Assessment of Life Habits for Children (LIFE-H for Children). Table 1 further
outlines the outcome measures and their time points.

Table 1. Study’s outcomes of interest, how they are measured and when measurement
occurred.

What How When
Strength of HHD Prel, pre2,
e Plantarflexion / dorsiflexion postl, & post2
e Eversion/ inversion
o Kbnee flexion/ extension
e Hip flexion/ extension
e Hip adduction/ abduction
Tone Tardieu Scale of spasticity | Prel, pre2,
e Gastrocnemius postl, & post2
e Hamstring
Active & passive ROM Goniometer Prel, pre2,
e Plantarflexion / dorsiflexion postl, & post2

e Eversion/ inversion

o Knee flexion/ extension
o Hip flexion/ extension

e Hip adduction/ abduction

Balance PBS Prel, pre2,
postl, & post2
Ankle selective motor control Boyd and Graham’s Prel, pre2,
selective motor control test | postl, & post2
e Muscle thickness (MT) Ultrasound Pre2 & post2
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What How When

o Cross-sectional area (CSA)
e Pennation angle (PA)
e Velocity Gait mat analysis Prel, pre2,
e Step length postl, & post2
e Cadence
e Single support duration
e Swing and stance duration
e EE spent on light activity Accelerometer Pre2, postl, &
e EE spent on moderate activity post2
e EE spent on vigorous activity
e Total EE
o  Number of steps
e TAC
Participation LIFE-H for Children Pre 2 & post2
e Accuracy of movement Robotic Evaluation First & last
e Movement smoothness train_ing
sessions

Body Function and Structures

Balance (measured by Pediatric Balance Scale (PBS)).The PBS was modified
from Berg’s balance scale to fit the pediatric population (Franjoine, Gunther, & Taylor,
2003). It consists of 14 items (Appendix 6) to assess functional balance in everyday
activities in school-age children (5-15 years old) with mild to moderate motor
impairments (Franjoine et al., 2003). Each of the PBS items is scored between 0 and 4
(where 0 indicates inability to perform the task, and 4 signals being perfectly able to
perform the task); all scores were summed at the end, with the maximum score being 56
(perfect score) (Franjoine et al., 2003). The PBS is easy to administer and takes less than
20 minutes (Franjoine, Darr, Held, Kott, & Young, 2010). The evaluators assess each
participant individually following the PBS test administration protocol described by
Franjoine et al. (2003). The minimal detectable change (MDC) for the total score is 1.59
points, while the minimally clinically important difference (MCID) is 5.83 points for

children with CP (Chen et al., 2013). The PBS has excellent concurrent validity with the
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Gross Motor Function Measurement (GMFM-66) at baseline (r=0.92-0.95) and follow-up
(r=0.89-0.91) in children with CP (Chen et al., 2013). However, it has adequate validity
with the WeeFim at baseline (r=0.47-0.78) and follow-up (r=0.44-0.87) (Chen et al.,
2013). It has excellent test-retest reliability (ICC=0.998) and excellent interrater
reliability (1ICC=0.997) in school-age children with mild to moderate motor impairments
(Franjoine et al., 2003). The standardized response mean (SRM) of the PBS is 0.75 (Chen
et al., 2013). The PBS was administered at all four testing sessions.

Ankle control (measured by Boyd and Graham Selective Motor Control Test).
Boyd and Graham selective motor control test (Appendix 6) was used to assess the
selective dorsiflexion of both ankles separately (Boyd and Graham, 1999). It has a five-
point scale where 0 indicates no movement when asked to dorsiflex the ankle and 4
indicates dorsiflexion achieved using tibialis anterior without hip and knee flexion (Smits
et al., 2010). The researchers assessed the participants in the long sitting position with
hips flexed and knees comfortably extended (Figure 6). The child was asked to separately
dorsiflex each foot.

This test has been used with children with CP (Lowing et al., 2010, Smits et al.,
2010). The test showed moderate inter-rater reliability for ankle dorsiflexion left and
right, weighted Kappas were 0.61 and 0.72 (Smits et al., 2010). The test-retest reliability
was good (Lowing et al., 2010). Data from Boyd and Graham selective motor control test

was collected at all four testing sessions.
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A) Starting position B) Isolated movement

Figure 6. Boyd and Graham Selective Motor Control Test (Groenestijn & van Schie)

ROM (measured by Goniometer). Researchers measured active and passive joint
ROM of the lower extremities. This included measuring hip (flexion/extension and
abduction/adduction), knee (flexion/extension), and ankle (plantarflexion/dorsiflexion
and eversion/inversion) ROM using a standard goniometer with participants in a lying
and seated position (Gajdosik & Bohannon, 1987). Active ROM was measured first,
followed by passive ROM. The participants’ positions and the measurements taken by the
goniometer (Hamilton, 2012) are reported in Table 2. Data from the goniometer were
collected at all four testing sessions.

Table 2. Goniometer’s administration to assess ROM

Movement Subject’s Goniometer’s Position Instruction
Position
Ankle Plantarflexion | Prone with Fulcrum: center over lateral aspect of Point your toes
knee flexed | the lateral malleolus downward as
90° Stationary arm: align with the lateral much as it can
midline of the fibula, projecting to the go
head of the fibula

Moving arm: align parallel to the lateral
aspect of the fifth metatarsal; inferior
aspect of calcaneus

Dorsiflexion Prone with Fulcrum: center over lateral aspect of Bring your toes
knee flexed | the lateral malleolus up towards
90° Stationary arm: align with the lateral your face as
midline of the fibula, projecting to the high as it go
head of the fibula
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Movement

Subject’s
Position

Goniometer’s Position

Instruction

Moving arm: align parallel to the lateral
aspect of the fifth metatarsal; inferior
aspect of calcaneus

Subtalar | Inversion Short sitting | Fulcrum: over anterior aspect of ankle Move your foot
midway between malleoli inward as far as
Stationary arm: align with the anterior it goes
midline of lower leg projecting to the
tibial tuberosity
Moving arm: align with the anterior
midline of the second metatarsal
Eversion Short sitting | Fulcrum: over anterior aspect of ankle Move your foot
midway between malleoli outwards as far
Stationary arm: align with the anterior as it goes
midline of lower leg projecting to the
tibial tuberosity
Moving arm: align with the anterior
midline of the second metatarsal
Knee Knee flexion | Supine Fulcrum: center over the lateral Slide the heel
epicondyle of the femur of your foot
Stationary arm: align with the lateral along the bed
midline of the femur, using the greater up towards
trochanter for reference your bottom as
Moving arm: align with the lateral far as you can
midline of the fibula, projecting to the go
lateral malleolus and fibular head
Knee Supine with | Fulcrum: center over the lateral Push your knee
extension towel under | epicondyle of the femur down into the
ankle Stationary arm: align with the lateral bed
midline of the femur, using the greater
trochanter for reference
Moving arm: align with the lateral
midline of the fibula, projecting to the
lateral malleolus and fibular head
Hip Hip flexion Supine Fulcrum: over greater trochanter of the Bring your
femur knee towards
Stationary arm: align with the lateral your chest as
midline of the pelvis far as it goes
Moving arm: align with the lateral
midline of the femur projecting to lateral
epicondyle
Hip extension | Prone with Fulcrum: over greater trochanter of the Keep your leg
pillow under | femur straight and
abdomen Stationary arm: align with the lateral move your
midline of the pelvis whole leg
Moving arm: align with the lateral above the bed
midline of the femur projecting to lateral | as far as you
epicondyle can
Hip abduction | Supine with | Fulcrum: center over the anterior Bring your leg
toes point superior iliac spine (ASIS) of the limb out to my side
straight up being measured as far as you
(towards the | Stationary arm: align with an imaginary | can
ceiling) horizontal line extending from one

ASIS to the other ASIS
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contralateral
leg

Movement Subject’s Goniometer’s Position Instruction

Position

Moving arm: align with the anterior

midline of the femur projecting to the

midline of the patella

Hip adduction | Supine with | Fulcrum: center over the anterior Bring your leg

toes point superior iliac spine (ASIS) of the limb in towards the
straight up being measured other leg as far
(towards the | Stationary arm: align with an imaginary | as you can
ceiling), horizontal line extending from one
scoot ASIS to the other ASIS
towards Moving arm: align with the anterior
therapist and | midline of the femur projecting to the
abduct your | midline of the patella

Strength (measured by Hand Held Dynamometer (HHD)). For evaluating muscle

strength, the evaluators used the MicroFet 2 HHD (Hoggan Health, Salt Lake City, UT,

USA) (Figure 7) to measure the force generated by different muscle groups. This

included the following muscle groups: ankle plantarflexors, dorsiflexors, evertors,

invertors, knee flexors and extensors, hip flexors, hip extensors, hip abductors, and

adductors.

Figure 7. MicroFet 2 HHD (Hoggan Health, Salt Lake City, UT)

HHD records force production in pounds, kilograms, and newton. HHD is easy to

administer, and is small, portable, and inexpensive (Chamorro, Armijo-Olivo, De la

Fuente, Fuentes, & Chirosa, 2017). During the dynamometry measures, the participants

were given clear instructions to perform maximum isometric contraction against the
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HHD. The evaluators continuously encouraged the participants to produce maximum
effort (\Verschuren et al., 2008). The evaluators placed the dynamometer perpendicular to
the tested muscle (Samosawala, Vaishali, & Kalyana, 2016). The tested muscles were
assessed in the supine, prone, and sitting positions. Positioning and administration is
further described in Table 3. The literature showed high intraclass correlation coefficients
for test-retest reliability for isokinetic strength measurement in children with CP (Ayalon,
Ben-Sira, Hutzler, & Gilad, 2000). Additionally, HHD showed moderate to excellent
intrarater and interrater reliability in children with CP (Berry, Giuliani, & Damiano,
2004; Crompton, Galea, & Phillips, 2007; Dyball, Taylor, & Dodd, 2011; Verschuren et
al., 2008). Data from the dynamometer were collected at all four testing sessions.

Table 3. Dynamometer positioning and administration

Movement Subject’s and Dynamometer’s Position
Ankle Plantarflexion Position: lying supine with the hips and knees extended.
Dynamometer placed over the metatarsal heads on the sole of
the foot.

(Mentiplay et al., 2015)

Dorsiflexion Position: lying supine with the ankle relaxed and hips and knees
extended.

Dynamometer placed over the metatarsal heads on the dorsum
of the foot.

(Mentiplay et al., 2015)
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Movement

Subject’s and Dynamometer’s Position

Subtalar

Inversion

Position: lying
Dynamometer placed over the medial aspect of the 1st
metatarsal

(Burns et al., 2005)

Eversion

Position: lying
Dynamometer placed over the lateral aspect of the 51"
metatarsal

¥

(Spink, Fotoohabadi & Menz., 2010)

Knee

Knee flexion

Position: short sitting with hips and knees flexed at 90°.
Dynamometer placed on the posterior aspect of the shank,
proximal to the ankle joint.

(Mentiplay et al., 2015)

Knee extension

Position: short sitting with hips and knees flexed at 90°.
Dynamometer placed on the anterior aspect of the shank,
proximal to the ankle joint.

il

(Mentiplay et al., 2015)
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Movement

Subject’s and Dynamometer’s Position

Hip

Hip flexion

Position: short sitting with hips and knees flexed at 90°.
Dynamometer placed on the anterior aspect of the thigh,
proximal to the knee joint.

(Mentiplay et al., 2015)

Hip extension

Position: lying prone with the hip in neutral position and the
knee in 90 degrees of flexion. The child can hold on to the sides
of the table with both hands.

Dynamometer placed 5 cm proximal to the knee joint line, at the
posterior aspect of the thigh.

A | )

(Thorborg et al., 2010)

Hip abduction

Position: lying supine with hips and knees extended.
Dynamometer placed on the lateral aspect of the shank,
proximal to the ankle joint.

[ =i

(Mentiplay et al., 2015)

Hip adduction

Position: lying supine with hips and knees extended.
Dynamometer placed on the medial aspect of the shank,
proximal to the ankle joint.

(Mentiplay et al., 2015)
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Muscle tone (measured by Tardieu Scale of Spasticity of the Lower Extremities).
This scale developed by Tardieu et al. (1954) (Appendix 6) measures muscle spasticity
by evaluating the response of the muscle to passive stretch applied by the main researcher
at Tardieu's two specified velocities, the slowest and the fastest possible speed (Gracies et
al., 2000; Gracies et al., 2009). This scale has gone through multiple revisions (Haugh et
al., 2006). The researchers administered this scale by positioning participants in supine
position for testing gastrocnemius and hamstring spasticity. The researcher then passively
moved the limb through a range at two velocities; as slow as possible (V1) and then as
fast as possible (V3). At all velocities, the researchers assessed quality of muscle reaction
(X) and angle of muscle reaction (). Quality of muscle reaction was measured on a 0-5
scale, where 0 is no resistance to passive ROM and 5 indicates an immobile joint. The
angle of muscle reaction was measured with a hand-held goniometer. At the end of the
assessment session, the Tardieu score was expressed as X/Y at each V value (Patrick &
Ada, 2006). Tardieu scale (TS) was performed at the 4 testing sessions. Tardieu scale has
been validated with individuals with CP, adults with severe brain injury or stroke, and
adults with profound intellectual and multiple disabilities (PIMD) (Gracies et al., 2010;
Mehrholz et al., 2005; RMD, 2012; Singh et al., 2011; Waninge et al., 2011). Fosang et
al. (2003) found adequate to excellent correlation for the TS at hamstrings (ICC = 0.68-
0.90), poor to excellent correlation of TS at gastroc (ICC = 0.38-0.90) and adequate to
high correlation at hip adductors (ICC = 0.61-0.93) in children with CP. Mehrholz et al.
(2005) found adequate intra-rater reliability (k = 0.65-0.87, ICC =.72- .65) for muscle
groups tested; except shoulder external rotation (k = 0.53) for patients with severe brain

injury. Paulis et al. (2011) compared the test—retest and inter-rater reliability of Tardieu
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Scale scores measured with inertial sensors (I1S) and goniometry and found excellent
reliability for IS (ICC=0.76) and goniometry (ICC= 0.86) of elbow flexors in patients
with stroke. In their study of individuals with hemiplegia after stroke, Ansari et al. (2008)
found adequate inter-rater reliability for R2-R1 (ICC = 0.72) and adequate inter-rater
reliability for TS quality (ICC =0.74) and R1 (ICC = 0.74) and R2 (ICC = 0.56).
Additionally, the results of Yam and Leung’s (2006) study on children with CP showed
poor to adequate reliability for Tardieu (ICC = 0.22-0.71) and poor to adequate: R1 (ICC
=0.37-0.71); R2 (ICC = 0.17-0.74; R2-R1 (ICC = 0.4-0.69). Patrick and Ada (2006)
show strong construct validity of the Tardieu Scale as compared with an
electromyographic measure of muscle reaction to fast stretch. The results showed
excellent convergent validity (r = 0.86 elbow flexors; 0.62 ankle planter flexors).
Additionally, the percentage of exact agreement of Tardieu and a laboratory measure of
spasticity was 100% for elbow flexors and plantar flexors. Recently, the content validity
of the Tardieu Scale and the Ashworth Scale was assessed in independently ambulating
children with cerebral palsy (Alhusaini, 2010). The authors demonstrated that the TS was
more effective than the Original Ashworth Scale in identifying the presence of spasticity,
the presence of contracture and the severity of contracture. Neither scale was able to
identify the severity of spasticity (Alhusaini, 2010). The TS has high level of sensitivity
and specificity compared to the Ashworth Scale (Wallen et al., 2007). Data from Tardieu
Scale of Spasticity were collected at all four testing sessions.

Muscle architecture (measured by Ultrasound). Ultrasound measurements were
collected at the second pre-testing and at 1 month follow up by a qualified therapist (AP)

using a portable diagnostic ultrasound (MyLab™ 25 Gold, Esaote, Florence, Italy)
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equipped with a 10-18 MHz real-time linear transducer. The sonographer (AP) was
blinded to the training protocol and clinical findings. The ultrasound images obtained
were the cross-sectional area (CSA) of the Achilles tendon (AT) and medial
gastrocnemius muscles and for the tibialis anterior (TA) muscle both CSA and muscle
thickness. All measurements were performed bilaterally and two images were obtained in
each view. The assessment was made with participants in the supine and prone positions,
which will later be explained in detail in relation to the muscles that have been tested.
During testing, participants’ limbs were exposed from mid-thigh to apply the gel to the
skin. In addition, the gel was applied to the head of the transducer to improve the image
quality. Then CSA, MT, and PA were measured for all participants using the ultrasound
imaging software. CSA is defined as “the area surrounded by the upper muscular fascia,
the lower muscular fascia, and the intramuscular septum” (da Matta & de Oliveira, 2012).
MT is defined as “the distance between two fascias” (Strasser, Draskovits, Praschak,
Quittan, & Graf, 2013). PA is defined as “an angle between muscle fascicles and the
muscle line of action” (Ema, Akagi, Wakahara, & Kawakami, 2016) (Figure 8). The
literature showed that using ultrasound to measure the CSA and MT provides excellent
reliability in assessing children and adolescents with CP (Mohagheghi et al., 2008;
Moreau, Teefey, & Damiano, 2009). Additionally, the literature showed high interrater
and intrarater reliability (all ICC values above .90) of the ultrasound to measure muscle
thickness (Temes et al., 2014). On average, the image capturing took 15 minutes and

image analysis 20 minutes per subject.
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PA is the black arc between the muscle fiber (blue line) and tendon (red
line) (Sopher, Amis, Davies, & Jeffers, 2017)

Figure 8. An example of how to estimate PA

Achilles Tendon. Participants were in prone position in 10° ankle plantarflexion of
the ankle and the foot extending off the end of the bed to promote relaxation (Figure 9)
(Dong & Fessell, 2009). For tendon CSA the ultrasound transducer was positioned
perpendicular to the tendon to acquire tomographic images at 2, 4 and 6 cm proximal to

the tendon insertion.

Figure 9. Positioning for scanning the
Achilles tendon (Backhaus et al., 2001)

Tibialis Anterior. Participants were in the supine position with knee flexed 45°
(Figure 10) (Varghese, & Bianchi, 2014). For TA the ultrasound transducer was oriented
in the sagittal plane perpendicular to the skin to acquire tomographic images for muscle
thickness and PA. Bilateral cross-sectional images were taken with the probe oriented in

the transverse plane perpendicular to the skin.
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Figure 10. Positioning for scanning the
tibialis anterior (Backhaus et al., 2001)

Medial Gastrocnemius. Participants were examined in the prone position with
both knees in slight flexion and the legs resting on a pillow or towel, placed under the
anterior aspect of both legs (Figure 11) (Bianchi, Martinoli, Abdelwahab, Derchi, &
Damiani, 1998). Transverse sonograms of both medial gastrocnemius muscles were

obtained.

' *— Transducer

Figure 11. Positioning for scanning the medial
gastrocnemius (Chen et al., 2009)

Ankle Performance (measured by Robotic). Robotic Evaluation (Forrester et al.,
2011) is outcome testing internal to the robot-assisted ankle trainers to measure
participants’ performance based on the initiation of movement (how often did the robot
initiate the motion); accuracy (the average number of successful passages); robot power

(how much moving power the robot provided rather than the patient); dwell time (how
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much time was the patient waiting near the target); and movement smoothness (how

rough was the patient’s motion) (Figure 12).

Figure 12. Graphic visualization of the Child’s performance

For the purpose of this study we only collected data on accuracy and smoothness.
Robotic evaluation assessed the participants’ performance after each set of 44 repetitions
(Appendix 7). Data from robotic evaluation were collected at the first and last training
sessions.

Activity

Gait (measured by Gait Mat Analysis). Gait analysis (Berman et al., 1987) was
performed by using a gait mat (ProtoKinetics LLC, Havertown, PA, USA) to capture
spatial-temporal parameters during clinical walking tests (see Figure 13). This mat
consists of a long walking surface that measures velocity, step length, cadence, single

support time, and stance and swing time during walking.
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o PG

Figure . The Zeno Walkway by ProtoKinetics

This system uses PKMAS software (ProtoKinetics LLC, Havertown, PA, USA)
for video and data acquisition and processing. Three trials of walking without braces with
or without an assistive device were conducted on the Protokinetics Zeno Walkway mat.
Participants were asked to walk at a comfortable speed back and forth across the mat for
three trials. Data from the gait mat was collected at all four testing sessions.

Activity counts (measured by Accelerometer). The actical accelerometer (Philips
Respironics, Bend, Oregon) (Figure 14) was given to participants and worn at the

baseline testing session, then returned to the lab at the 1-month follow-up assessment

session. The actical accelerometers were set to record activity in 60-s epochs.

Figure 14. Actical accelerometer (Philips respironics, Bend, Oregon)
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The accelerometer measured EE spent on light, moderate, and vigorous activities;
total EE; number of steps; and TAC throughout the week. Data from the accelerometer
were collected at one week pre-training, one week post-training, and one month follow
up. At each of the three time points, children wore the actical from morning until night on
their ankle for five days. Although the literature did not show consensus on the duration
of acceptable monitoring periods (Trost, Pate, Freedson, Sallis, & Taylor, 2000), the
monitoring period of our study was very similar in length to monitoring periods in other
studies (Butte, Puyau, Adolph, VVohra, & Zakeri, 2007; Jago, Anderson, Baranowski, &
Watson, 2005). The children were advised to take the actical off at night and when
showering because it is not water resistant (Puyau, Adolph, Vohra, & Butte, 2002; Ward,
Evenson, Vaughn, Rodgers, & Troiano, 2005). At the end of the last three testing
sessions, the actical data were downloaded and saved to a desktop computer at the 1U
Neuroscience Center for subsequent analysis. The accelerometer has good reliability with
an intraclass correlation of 0.99 (Esliger & Tremblay, 2006).

Participation

Life Habits (measured by Assessment of Life Habits for Children (LIFE-H for
Children) short form). LIFE-H is a self-report questionnaire (Appendix 8) that is
designed to assess one’s accomplishment in life habits (Fougeyrollas et al., 1998).
According to Jarvis and Hey (1984), life habits are “those habits that ensure the survival
and development of a person in society throughout his or her life.” LIFE-H forms are
designed for the following three age groups: children 0-4 years old, children 5-12 years
old and the general form (for teenagers, adults, and seniors). There are two versions

(short and long) of the general form and the form for children 5-12 years old (Quebec,
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2007). The LIFE-H short form for children evaluates children on 62 life habits across 12
domains based on their perception of the degree of difficulty and the type of required
assistance (Fougeyrollas et al., 1998; Quebec, 2007). These domains include nutrition,
fitness, personal care, communication, housing, mobility, responsibilities, interpersonal
relationships, community life, education, employment and recreation. The participants
use a five point ordinal scale to report the degree of difficulty and a four point ordinal
scale to report the nature of assistance required to achieve each life habit. Data from
LIFE-H for Children were collected at the second pre-testing and the second post-testing
sessions. LIFE-H has been validated with individuals with a variety of impairments,
including CP (Sakzewski et al., 2007), stroke (Desrosiers et al., 2003), spinal cord injury
(Noonan et al., 2009) and traumatic brain injury (Noreau et al., 2004). Test-retest
reliability is adequate for the LIFE-H short form (ICC=0.67) for children and excellent
for the LIFE-H long form (ICC = 0.80) for children (Noreau et al., 2002). The LIFE-H
long form for children has a high intra-rater reliability with an ICC of 0.78 or higher
(Quebec, 2007). The LIFE-H personal care and housing dimensions have a strong
correlation with the Pediatric Evaluation of Disability Inventory (PEDI) self-care and
mobility dimensions (0.79<r <0.88), while LIFE-H communication and responsibility
dimensions have a strong correlation with PEDI social function (r=0.80/ r=0.81)
(Quebec, 2007). Data from the LIFE-H questionnaire was collected at the second pre and
post testing session.
Description of The Ankle Robot “Anklebot”

The anklebot is a backdrivable robot with low intrinsic mechanical impedance

that has three degrees of freedom (DOF): dorsiflexion/plantarflexion, inversion/eversion
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and internal/external rotation. It allows “25° of dorsiflexion, 45° of plantarflexion, 25° of
inversion, 15° of eversion, and 15 degrees of internal or external rotation” (Michmizos &
Krebs, 2012; Roy et al., 2009). The ankelbot gives active assistance in
dorsiflexion/plantar flexion and inversion/eversion, and a passive DOF for
internal/external rotation (Michmizos & Krebs, 2012; Roy et al., 2009). It consists of one
foot plate that has two Velcro straps, and it is connected to two linear actuators by quick-
release locking clamps. If these actuators move in the same direction, a
dorsiflexion/plantarflexion torque is applied at the ankle; if they move in opposite
directions, an inversion/eversion torque is applied at the ankle (Michmizos & Krebs,
2012; Roy et al., 2009). The actuators are attached to the computer display (Michmizos &
Krebs, 2012; Roy et al., 2009) (Figure 3). Anklebot weighs less than 3.6 kg (Roy et al.,
2009). It takes the therapist less than two minutes to set up the device. Anklebot is highly
valid and reliable (in the unmodified version) with standard error of the estimate <1° in
both DOFs of planter-dorsi flexion/ inversion-eversion, and the error in torque estimation
is <1 Nm (Forrester et al., 2013).
Intervention

The intervention took place at Neurorehabilitation and Robotics lab at the Indiana
University Health Neuroscience Center and was led by the main researcher (MH). Two
physical therapy students (EF and KB) assisted participants during testing and
intervention sessions under the supervision of the main researcher (MH).

At the beginning of each training session, each child took a seat facing a screen in
a padded adjustable chair and was secured with a safety hardness if needed. The child’s

foot was placed in the footplate and secured with two straps over the metatarsals. The
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device was sized to fit the child, allowing the child to move his or her ankles through the
available range of motion (Figure 3). Both feet were trained separately, regardless of
deficit. Since the walking task involves the use of both feet, bilateral training is necessary
to get control over both feet. Once secured, the robot was calibrated, so it produces
movements customized to each specific child. The child then participated in the
intervention session consisting of a total of 528 movements for each ankle (Table 4).

Table 4. Anklebot Protocol: The 3 games that children played and the repetitive
movements associated with each game.

| Game | Plantarflexion/Dorsiflexion | Inversion/Eversion | Combination |
Race 44 X 3= 132 44 44
Shipwreck 44 X 3= 132 44

I
Soccer [N, 44x3=132

Participants played three different video games (Figure 15) that requires repetitive
dorsiflexion, plantarflexion, and eversion and inversion of the ankle by moving a screen
cursor “up or down” in addition to “inside or outside”. The participants were unassisted
while automatically tracking their performance; however, if they fail to move their ankles
to reach a target in time, the robot will provide assistive ankle torques, which is suitable
to each child’s need. Participants received continuous visual and oral feedback during
each session about their performance from the investigators and the robot-assisted ankle
trainers. Participants were given rest periods as needed. During the study, participants

continued their usual physical and occupation therapy without any change.
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1. Shipwreck 2. Race 3. Soccer

Figure 15. The anklebot video games (Michmizos & Krebs, 2012)

Data Collection

Prescreening for eligibility was completed through telephone conversations with
the children’s parents, who have been previously referred to the robotics lab to ensure
they met the inclusion criteria (Appendix 9). Following prescreening, potential
participants were scheduled for the testing sessions and were asked to complete the
informed consent and assent forms at the robotics lab (Appendix 2 & 3). All children
enrolled in the study (n =5) participated in identical testing sessions and interventions at
the robotics lab. During the first testing session, one trained researcher and two physical
therapy students collected the children’s medical history by interviewing their parents
and assessed the children’s gross motor function level using the GMFCS.
Data Management

All participants’ data were coded to ensure no loss of confidentiality during
dissemination of any data. Participants’ research records were stored in locked cabinets
and secure computer files at the IU Health and Neurorehabilitation and robotic lab which
was accessed only by researchers involved with the study and physical therapy students

trained to provide treatment within the robotics lab.
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Data Analysis

All statistical analyses were performed by using SPSS statistical procedures
version 24, accessed via IUAnyWare Citrix application access portal. Descriptive
statistics—means, standard deviations and percentage—were used to summarize the
characteristics of the participants. Repeated measures analysis of variance (ANOVA)
were used to compare mean scores of the different parameters due to the complexity of
the design (multiple time points). Using a repeated measures ANOVA allowed the
researcher to compare time points more simply under the assumption that the data would
be firmly normal if a larger study was conducted. The repeated measures ANOVA was
used with all outcome measures, including those that were only measured at 2 time points
(i.e., ultrasound, questionnaire, and robotic data) for consistency. Table 5 further outlines
the study aims in relation to the type of statistical tests. The research set the significance

level at oo = 0.05. Due to the preliminary nature of the data, a trend is a p value between

0.05-0.10.
Table 5. Description of the study aims and the statistical tests
# Aim Outcome Measure Statistical test
Aim 1 To test the hypothesis that | Strength HHD Repeated
robot-assisted, task- measure
specific ankle training Tone Tardieu Scale of ANOVA to
improves muscle strength, spasticity investigate the
ROM, tone, balance, ROM Goniometry changes in
muscle architecture, ankle mean scores
control, and ankle Balance PBS over different
performance in children time points
with CP. e Accuracy Robotic
¢ Movement evaluation
smoothness
e CSA Ultrasound
e MT
e PA
Ankle control Boyd and
Graham’s
selective motor
control test
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# Aim Outcome Measure Statistical test
Sub-aim | To test the hypothesis that | e Walking speed Gait mat
2a training has a positive e Step length
impact on spatiotemporal e Cadence
gait parameters after e Single support time
robot-assisted, task- e Swing and stance
specific ankle training. time
Sub-aim | To test the hypothesis that | e EE spent on light Accelerometer
2b training has a positive activity
impact on the level of e EE spent on
activity as measured by moderate activity
accelerometer (number of | o EE spent on
StepS, total EE, EE Spent Vigorous activity
on light/moderate/vigorous | ¢ Total EE
activity, and TAC). o Number of steps
e TAC
Aim 3 To test the hypothesis that | Participation LIFE-H for
robot-assisted, task- Children

specific ankle training
improves participation in
children with CP.
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CHAPTER IV. RESULTS

This chapter presents the results of the research study. It provides a description of
the study participants and the variables considered throughout the study. A
comprehensive description of the effect of the task-specific ankle training on the three
domains of ICF for children with CP will be presented. The results were reported by ICF
domains (Body Function and Structures, activity and participation) within each of these
domains, repeated measure ANOVA results were reported followed by post hoc analysis
to determine significant within different time points.
Characteristics of the Study Sample

During the period of March 15, 2016, to May 25, 2017, a total of 12 children were
referred by physicians and physical therapists (in and around Indianapolis) to the
neuroscience center as potential participants. Of the 12 children identified as potential
participants, three did not meet the inclusion/exclusion criteria, and nine met all
inclusion/exclusion criteria and were invited to participate in the study. Only three
children refused to participate after being invited to the study, due to time and family
commitments. One child was withdrawn from the study during the second evaluation

phase due to scheduling conflicts (Figure 16).
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12 children were

referred

3 didn’t meet the
inclusion/exclusion g
criteria

9 were invited to
participate in the
study

3 children refused to
participate

Bassline measure
(n=6)

1 child was
= withdrawn due to
scheduling conflicts

5 children

follow up

Figure 16. Flow diagram for subject in this study

The sample consisted of four boys and one girl, ranging from age 4-11, with a
diagnosis of CP. All subjects were bilaterally involved but the majority of subjects (80%,
or four out of five) had right-side hemiparesis, and 80% of the sample (four out of five)
was at GMFCS level I. Participant characteristics are shown in Table 6. Only data from

participants who did not drop out (n = 5) were included in the analysis.
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Table 6. Participants’ characteristics

Participant Age Sex Diagnosis GMFCS Impairments Current use
of orthosis
1 5 Male CP Il R hemiplegia Y
2 9 Female CP | R hemiplegia Y
3 11 Male CP | Diplegia N
4 10 Male CP | L hemiplegia Y
5 4 Male CP | R hemiplegia Y

Data Findings

The ICF model was used to guide data collection and answer research questions.
1. Body Function and Structures Level

The results revealed that, for outcome measures in Body Function and Structures
level, there were no significant differences found between pretest one (initial) and two
(baseline).

Strength

Strength: Ankle Dorsiflexors. Data from the hand-held dynamometer were
analyzed for all four-time points. The results indicated that the mean muscle strength of
the less-affected ankle dorsiflexors significantly increased from 6.84 N+ 1.95 N to 14.24
N+ 3.34 N at 1 month follow up, a 112% improvement (Table 7 & Figure 17). A repeated
measures ANOVA showed a statistically significant difference between different time
points (F(1.06, 4.24) = 45.23, p = .002). Post hoc tests using the Bonferroni correction
revealed statistically significant differences on mean score between initial and immediate
training (p = .029), initial and follow up (p=.013), baseline and immediate training (p =
.017), baseline and follow up (p =.007), and immediate training and follow up (p =.006).
No statistically significant difference was found between initial and baseline (p = 1)
(Table 8 & Figure 18). The results show that the mean muscle strength of the more-
affected ankle dorsiflexors significantly increased from 5.82 N+ 2.32 N to 12.08 N+ 3.34

N at 1 month follow up, a 124% improvement (Table 7 & Figure 17). A repeated
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measures ANOVA showed a statistically significant difference between different time
points (F(1.31, 5.26) = 25.20, p = .003). Post hoc tests using the Bonferroni correction
revealed a statistically significant difference on mean score between initial and follow up
(p=.010) and baseline and follow up (p = .014). No statistically significant changes were
seen between initial and baseline (p = .476), initial and immediate training (p = .066),
baseline and immediate training (p = .098), immediate training and follow up (p = 1)
(Table 8 & Figure 18).

Table 7. Mean £ SD ankle dorsiflexion strength (N) changes prior to and after training.

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) | 6.52+1.56 | 6.84+1.95 13.16+ 3.46 14.24+ 334 | 45.23 1.06, .002*
ankle DF 4.24
(MA)  456+1.40 @ 5.82+£2.32 11.46+ 4.67 12.08+3.34 | 25.20 1.31, .003*
ankle DF 5.26

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 8. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) ankle DF | 1 .029* .013* 017* .007* .006*
(MA) ankle DF | .476 .066 .010* .098 .014* 1

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Strength: Ankle Evertors. The mean score of less-affected ankle evertors
statistically increased from 4.90 N+ .836 N to 11.32 N+ 2.33 N at 1 month follow up,
improving by 132% (Table 9 & Figure 17). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(1.11, 4.46) = 35.82, p
=.003). Post hoc tests using the Bonferroni correction revealed statistically significant
differences on mean score between initial and immediate training (p = .039), initial and
follow up (p=.006), baseline and immediate training (p = .046) and baseline and follow

up (p =.009). No statistically significant difference was found between initial and
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baseline (p = 1) and immediate training and follow up (p = 1) (Table 10 & Figure 18).
The mean score of more-affected ankle evertors increased from 4.20 N+ .900 N to 9.50
Nz 2.71 N at 1 month follow up, a 136% improvement (Table 9 & Figure 17). A repeated
measures ANOVA showed a statistically significant difference between different time
points (F(1.10, 4.41) = 20.31, p = .008). Post hoc tests revealed statistically significant
differences on mean score between initial and immediate training (p = .044) and initial
and follow up (p=.040). No statistically significant differences were found between initial
and baseline (p = 1), baseline and immediate training (p = .085), baseline and follow up
(p = .086), and immediate training and follow up (p = 1) (Table 10 & Figure 18).

Table 9. Mean £ SD ankle eversion strength (N) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) | 4.98+1.47 @ 4.90+ .836 10.92+ 3.15 11.32+2.33 | 35.82 1.11,  .003*
ankle 4.46
eversion
(MA) | 3.88+1.10  4.20+.900 9.52+ 2.70 9.50£ 2.71 20.31 1.10, .008*
ankle 4.41
eversion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 10. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate followup  follow up
up training
(LA) ankle | 1 .039* .006* .046* .009* 1
eversion
(MA) ankle | 1 .044* .040* .085 .086 1
eversion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Strength: Ankle Invertors. By 1 month follow up, the mean score of less-affected
ankle invertors increased from 6.92 N+ 1.55 N to 12.40 N+ 3.31 N, a 83% improvement
(Table 11 & Figure 17). A repeated measures ANOVA showed a statistically significant

difference between different time points (F(1.09, 4.36) = 19.48, p = .009). Post hoc tests
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using the Bonferroni correction revealed no statistically significant differences on mean
score between initial and baseline (p = 1), initial and immediate training (p = .058), initial
and follow up (p=.060), baseline and immediate training (p = .074), baseline and follow
up (p =.079), and immediate training and follow up (p = 1) (Table 12 & Figure 18). The
mean score of more-affected ankle invertors increased from 5.34 N+ 1.10 N to 11.26 N+
2.88 N at 1 month follow up, a 115% improvement (Table 11 & Figure 17). A repeated
measures ANOVA showed a statistically significant difference between different time
points (F(1.05, 4.23) = 24.43, p = .007). Post hoc tests using the Bonferroni correction
revealed statistically significant differences on mean score between initial and immediate
training (p = .048), initial and follow up (p=.028) and baseline and follow up (p = .041).
No statistically difference were found between initial and baseline (p = .996), baseline

and immediate training (p = .068) and immediate training and follow up (p = 1) (Table 12

& Figure 18).

Table 11. Mean * SD ankle inversion strength (N) changes prior to and after training
Initial Baseline Immediate Follow up F df p-
baseline training value

(LA) ankle | 6.60+1.46 | 6.92+1.55 12.78+ 3.67 12.40+ 3.31 | 19.48 1.09, | .009*
inversion 4.36

(MA) | 5.06£1.25 @ 5.34+1.10 11.26+ 3.30 11.26+2.88 @ 24.43 1.05, | .007*
ankle 4.23

inversion
*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 12. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) ankle | 1 .058 .060 074 .079 1
inversion
(MA) ankle | .996 .048* .028* .068 .041* 1
inversion

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Strength: Ankle Plantarflexors. The mean score of less-affected ankle
plantarflexors statistically increased from 7.96 N+ 2.52 N to 15.92 N+ 3.59 N at 1 month
follow up, a 106% improvement (Table 13 & Figure 17). A repeated measures ANOVA
showed a statistically significant difference between different time points (F(1.08, 4.32) =
60.28, p =.001). Post hoc tests revealed statistically significant differences on mean score
between initial and immediate training (p = .025), initial and follow up (p=.002), baseline
and immediate training (p = .014), baseline and follow up (p <.001). No statistically
differences were found between initial and baseline (p = .634) and immediate training
and follow up (p = 1) (Table 14 & Figure 18). At 1 month follow up, the mean score of
more-affected ankle plantarflexors statistically increased from 6.30 N+ 2.47 N to 14.06
N+ 3.11 N, a 138% improvement (Table 13 & Figure 17). A repeated measures ANOVA
showed a statistically significant difference between different time points (F(1.06, 4.25) =
29.96, p =.004). Post hoc tests revealed statistically significant differences on mean score
between initial and follow up (p=.002) and baseline and follow up (p < .001). No
statistically significant differences were found between initial and baseline (p = 1), initial
and immediate training (p = .123), baseline and immediate training (p = .081) and
immediate training and follow up (p = 1) (Table 14 & Figure 18).

Table 13. Mean * SD ankle plantarflexion strength (N) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) | 7.36x£2.06 | 7.96+2.52 15.12+ 4.58 15.92+3.59 @ 60.28 1.08, @ .001*
ankle PF 4.32
(MA)  5.80+2.07 @ 6.30+2.47 12.26+ 5.36 14.06+3.11 | 29.96 1.06, @ .004*
ankle PF 4.25

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Table 14. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) ankle PF | .634 .025* .002* .014* <.001* 1
(MA) ankle PF | 1 123 .002* .081 <.001* 1

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 17. Ankle strength improvement chart
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Strength: Knee Extensors. In addition to ankle strength changes, changes in the
joints above were also found. At 1 month follow up, the mean score of the less-affected
knee extensor increased from 13.94 N+ 4.49 N to 16.88 N+ 8.75 N, a 17% improvement,
but it showed more improvement at 1 week post-training, improving to 17.02+ 455 N
(Table 15 & Figure 19). A repeated measures ANOVA did not show any statistically
significant difference between different time points (F(1.12, 4.50) = 2.44, p = .187). Post
hoc tests showed statistically significant differences on mean score between baseline and
immediate training (p = .024). No statistically significant changes were seen between
initial and baseline (p = .823), initial and immediate training (p = .068), initial and follow
up (p=1), baseline and follow up (p = 1) and immediate training and follow up (p = 1)
(Table 16 & Figure 20). The mean score of the more-affected knee extensor increased
from 12.04 N+ 4.06 N to 14.20 N+ 6.95 N at 1 month follow up, a 17% improvement, but
it showed more improvement at 1 week post-training, improving to 15.78 N+ 5.17 N
(Table 15 & Figure 19). A repeated measures ANOVA showed no statistically significant
difference between different time points (F(1.15, 4.62) = 3.97, p = .106). Post hoc tests
revealed statistically significant differences on mean score between initial and immediate
training (p = .017) and baseline and immediate training (p = .035). No statistically
significant differences were found between initial and baseline (p = .344), initial and
follow up (p=1), baseline and follow up (p = 1) and immediate training and follow up (p
=1) (Table 16 & Figure 20).

Strength: Knee Flexors. The mean score of less-affected knee flexor statistically
increased from 11.24 N+ 5.53 N to 14.52 N+ 3.29 N at 1 month follow up, a 64%

improvement (Table 15 & Figure 19). A repeated measures ANOVA showed a
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statistically significant difference between different time points (F(1.63, 6.52) = 7.87, p =
.021). Post hoc tests revealed statistically significant differences on mean score between
initial and follow up (p=.011); however, no statistically significant differences were
found between initial and baseline (p = 1), initial and immediate training (p = .101),
baseline and immediate training (p = .563), baseline and follow up (p = .370), and
immediate training and follow up (p = 1) (Table 16 & Figure 20). The mean score of
more-affected knee flexor increased at 1 month follow up from 10.04 N+ 5.18 N to 14.42
N+ 3.73 N, a 78% improvement (Table 15 & Figure 19). A repeated measures ANOVA
showed a statistically significant difference between different time points (F(1.18, 4.72) =
11.68, p = .019). Post hoc tests revealed statistically significant differences on mean score
between initial and immediate training (p = .020) and initial and follow up (p=.017). No
statistically significant differences were shown between initial and baseline (p = 1),
baseline and immediate training (p = .248), baseline and follow up (p = .218), and
immediate training and follow up (p = .238) (Table 16 & Figure 20).

Table 15. Mean = SD knee strength (N) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) knee | 12.92+ 1394+ 449 | 17.02+ 4.55 16.88+ 8.75 | 2.44 112, @ .187
extension | 4.22 4.50
(MA) knee | 10.40+ 12.04+4.06 = 15.78+5.17 14.20+ 6.95 | 3.97 1.15, @ .106
extension | 3.84 4.62
(LA) knee | 10.78+ 11.24+553  14.28+4.55 1452+ 3.29 | 7.87 1.63, @ .021*
flexion | 3.82 6.52
(MA) knee | 10.40+ 10.04+5.18  13.48+3.74 14.42+3.73 | 11.68 1.18, | .019*
flexion | 4.30 4.72

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Table 16. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) knee | .823 .068 1 .024* 1 1
extension
(MA) knee | .344 .017* 1 .035* 1 1
extension
(LA) knee | 1 101 .011* .563 .370 1
flexion
(MA) knee | 1 .020* .017* .248 .218 .238
flexion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 19. Knee strength improvement chart
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Figure 20. Change of knee muscle strength prior to and after training

Strength: Hip Abductors. The results showed that mean score of less-affected hip
abductor at 1 month follow up increased from 10.18 N+ 2.99 N to 13.84 N+ 5.83 N,
improving by 40% (Table 17 & Figure 21). A repeated measures ANOVA did not show a
statistically significant difference between different time points (F(1.11, 4.45) =3.33,p =
.134). Post hoc tests revealed no statistically significant differences on mean score
between initial and baseline (p = 1), initial and immediate training (p = .494), initial and
follow up (p=.506), baseline and immediate training (p = 1), baseline and follow up (p =
1), and immediate training and follow up (p = 1) (Table 18 & Figure 22). The mean score
of more-affected hip abductor increased from 10.02 N+ 2.45 N to 12.64 N+ 4.17 N at 1
month follow up, a 24% improvement (Table 17 & Figure 21). A repeated measures
ANOVA showed a statistically significant difference between different time points
(F(1.50, 5.99) = 12.99, p =.008). Post hoc tests did not reveal any statistically significant
differences on mean score between initial and baseline (p = 1), initial and immediate

training (p = .092), initial and follow up (p=.050), baseline and immediate training (p =

75



.170), baseline and follow up (p =.175), and immediate training and follow up (p = .464)
(Table 18 & Figure 22).

Table 17. Mean + SD hip abduction strength (N) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) hip 1 9.56+2.69 @ 10.18+2.99 @ 14.74+6.18 @ 13.84+583  3.33 111, | 134
AB 4.45
(MA) hip | 9.12+3.49 | 10.02+2.45 14.18+4.86 @ 12.64+4.17 | 12.99 1.50, @ .008*
AB 5.99

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 18. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) hip AB | 1 494 506 1 1 1
(MA) hipAB | 1 .092 .050 170 175 464

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Strength: Hip Adductors. The mean score of less-affected hip adductor
statistically increased from 12.42 N+ 5.63 N to 20.30 N+ 8.87 N at 1 month follow up, a
64% improvement (Table 19 & Figure 21). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(2.05, 8.22) = 10.95, p
=.005). Post hoc tests did not showed any statistically significant improvement on mean
score between initial and baseline (p = 1), initial and immediate training (p = .178), initial
and follow up (p=.095), baseline and immediate training (p = .161), baseline and follow
up (p =.091), and immediate training and follow up (p = 1) (Table 20 & Figure 22). The
mean score of more-affected hip adductor increased from 10.88 N+ 5.77 N to 16.12 N+
8.53 N at 1 month follow up, a 51% improvement (Table 19 & Figure 21). A repeated
measures ANOVA showed a statistically significant difference between different time
points (F(1.40, 5.60) = 8.26, p = .026). Post hoc tests did not reveal any statistically

significant differences on mean score between initial and baseline (p = 1), initial and
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immediate training (p = .279), initial and follow up (p=.241), baseline and immediate
training (p = .207), baseline and follow up (p =.234), and immediate training and follow
up (p =1) (Table 20 & Figure 22).

Table 19. Mean + SD hip adduction strength (N) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) hip | 12.56+ 12.42+5.63 | 19.50+ 9.66 20.30+ 8.87 | 10.95 2.05, | .005*
ADD | 6.96 8.22
(MA) | 11.18+ 10.88+5.77 | 16.34+8.21 16.12+ 8.53 | 8.26 1.40, @ .026*
hip ADD | 5.88 5.60

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 20. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) hip ADD | 1 178 .095 161 .091 1
(MA) hip ADD | 1 279 241 .207 234 1

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Strength: Hip Extensors. The mean score of less-affected hip extensor improved
29% at 1 month follow up, increasing from 10.16 N+ 3.22 N to 13.12 N+ 5.04 N (Table
21 & Figure 21). A repeated measures ANOVA revealed no statistically significant
difference between different time points (F(1.61, 6.45) = 3.81, p = .086). Post hoc tests
did not reveal any statistically significant differences on mean score between initial and
baseline (p = 1), initial and immediate training (p = .063), initial and follow up (p=.308),
baseline and immediate training (p = .727), baseline and follow up (p = .422), and
immediate training and follow up (p = 1) (Table 22 & Figure 22). The mean score of
more-affected hip extensor increased from 9.10 N+ 3.59 N to 11.06 N+ 3.99 N at 1
month follow up, a 26% improvement (Table 21 & Figure 21). A repeated measures
ANOVA showed a statistically significant difference between different time points

(F(2.01, 8.06) = 8.63, p = .010). Post hoc tests did not reveal any statistically significant
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differences on mean score between initial and baseline (p = 1), initial and immediate
training (p = .171), initial and follow up (p=.518), baseline and immediate training (p =
.126), baseline and follow up (p =.269), and immediate training and follow up (p =.104)
(Table 22 & Figure 22).

Table 21. Mean + SD hip extension strength (N) prior changes to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) hip | 10.70+ 10.16+ 3.22 | 13.46+ 5.62 13.12+5.04 | 3.81 1.61, @ .086
Ex 5.29 6.45
(MA) | 9.76+£3.77 | 9.10+ 3.59 12.74+ 4.74 11.06+3.99 | 8.63 2.01, @ .010%
hip Ex 8.06

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 22. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) hipEx | 1 .063 .308 727 422 1
(MA) hipEx | 1 171 518 126 .269 .104

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Strength: Hip Flexors. The mean score of less-affected hip flexor increased from
11.78 N+ 3.28 N to 14.50 N+ 2.78 N at 1 month post-training, a 26% improvement
(Table 23 & Figure 21). A repeated measures ANOVA showed a statistically significant
difference between different time points (F(1.39, 5.57) = 10.25, p = .017). Post hoc tests
revealed statistically significant differences on mean score between initial and follow up
(p=.034), but no statistical differences between initial and baseline (p = 1), initial and
immediate training (p = .320), baseline and immediate training (p = .096), baseline and
follow up (p = .071), and immediate training and follow up (p = 1) (Table 24 & Figure
22). The mean score of more-affected hip flexor increased from 10.22 N+ 2.87 N to
12.72 N+ 2.77 N at 1 month post-training, a 27% improvement (Table 23 & Figure 21).

A repeated measures ANOVA showed a statistically significant difference between
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different time points (F(2.01, 8.04) = 13.15, p = .003). Post hoc tests showed statistically
significant differences on mean score between initial and follow up (p=.023). However,
there were no statistical differences between initial and baseline (p = 1), initial and
immediate training (p = .070), baseline and immediate training (p = .109), baseline and

follow up (p = .073), and immediate training and follow up (p = 1) (Table 24 & Figure

22).

Table 23. Mean = SD hip flexion strength (N) changes prior to and after training
Initial Baseline Immediate Follow up F df p-
baseline training value

(LA) hip | 10.30+ 11.78+328  13.86+3.86  1450+2.78 1025  1.39, .017*
Fx 160 S15T]

(MA)  9.34+239  10.22+2.87  14.44+479  12.72+277 1315 201, .003*
hip Fx 8.04

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 24. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
(LA) hipFx | 1 .320 .034* .096 .071 1
(MA) hipFx | 1 .070 .023* .109 .073 1

*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 21. Hip strength improvement chart
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Figure 22. Change of hip muscle strength prior to and after training

Muscle Tone

Muscle tone: Gastrocnemius. Data from the Tardieu Scale of Spasticity were
analyzed for all four time points. The results revealed that the mean R2-R1 value of the
less-affected gastrocnemius significantly decreased from 18.40°+ 7.70° to 9°+ 5.52° at 1
week post-training, and then decreased to 7.20°+ 4.32° at 1 month follow up, a 60%
decrease, which indicates improvement in tone (Table 25 & Figure 23). A repeated
measures ANOVA did not show a statistically significant difference between different
time points (F(1.12, 4.48) = 6.48, p = .055). Post hoc tests did not reveal any statistically
significant differences on mean score between initial and baseline (p = 1), initial and
immediate training (p = .466), initial and follow up (p=.332), baseline and immediate
training (p = .263), baseline and follow up (p =.099), and immediate training and follow

up (p =.320) (Table 26 & Figure 24).
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There was a reduction of the R2—R1 value of the more-affected gastrocnemius 1
month after training, from 19.80°+ 8.98° to 4.60°+ .548°, an 72% decrease (Table 25 &
Figure 23). A repeated measures ANOVA showed a statistically significant difference
between different time points (F(1.18, 4.72) = 7.32, p = .043). Post hoc tests revealed no
statistically significant differences on mean score between initial and baseline (p = 1),
initial and immediate training (p = .508), initial and follow up (p=.213), baseline and
immediate training (p = .514), baseline and follow up (p = .121), and immediate training
and follow up (p = .244) (Table 26 & Figure 24).

Muscle Tone: Hamstrings. There was a reduction of the R2—R1 value of the less-
affected hamstring 1 month after training, from 22.80°+ 9.33° to 12.20°+ 2.49°, a 42%
decrease (Table 25 & Figure 23). A repeated measures ANOVA showed a statistically
significant difference between different time points (F(1.88, 7.53) = 11.72, p = .005).
Post hoc tests did not reveal any statistically significant differences on mean score
between initial and baseline (p = 1), initial and immediate training (p = .127), initial and
follow up (p=.065), baseline and immediate training (p = .127), baseline and follow up (p
=.175), and immediate training and follow up (p = .274) (Table 26 & Figure 24).

There was a reduction of the R2-R1 value of the more-affected hamstring 1
month after training from 29.60°+ 15.40° to 10.80°+ 2.38°, a 55% decrease (Table 25 &
Figure 23). A repeated measures ANOVA showed no statistically significant difference
between different time points (F(1.06, 4.25) = 6.57, p = .058). Post hoc tests revealed no
statistically significant differences on mean score between initial and baseline (p = .244),

initial and immediate training (p = .366), initial and follow up (p=.226), baseline and
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immediate training (p = .749), baseline and follow up (p = .406), and immediate training
and follow up (p = .154) (Table 26 & Figure 24).

Table 25. Mean = SD Tardieu Scale of Spasticity (deg.) changes prior to and after
training

Initial Baseline Immediate Follow F df p-
baseline training up value
(LA) | 25.40+ 18.40+ 9+ 5.52 7.20+ 6.48 1.12, .055
gastrocnemius | 17.55 7.70 4.32 4.487
(R2-R1)
(MA) | 24.80+ 19.80+ 8.60+ 2.70 4.60+ 7.32 1.18, .043*
gastrocnemius | 14.22 8.98 .548 4.72
(R2-R1)
(LA) hamstring | 29+ 9.67 22.80+ 16.60+ 5.59 12.20+ 11.72  1.88, .005*
(R2-R1) 9.33 2.49 7.53
(MA) hamstring = 33.60+ 29.60+ 1540+ 1.81 10.80+ 6.57 1.06, .058
(R2-R1) | 15.04 15.40 2.38 4.25

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 26. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediat
and immediate and and and e training
baseline  training follow immediate followup and
up training follow up
p-value ((LA) 1 466 .332 .263 .099 .320
gastrocnemius)
p-value (MA) 1 508 213 514 121 244
gastrocnemius)
p-value ((LA) | 1 127 .065 127 175 274
hamstring)
p-value ((MA) | .244 .366 .226 749 406 154
hamstring)

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 24. Change of Tardieu Scale of Spasticity score prior to and after training

Muscle Architecture
Muscle Architecture: Bilateral Achilles Tendon CSA. Data from the ultrasound
were analyzed for two time points. Comparison between the baseline testing (2" pre-test)
and 1 month follow up showed a non-significant decrease in bilateral (less/more-affected)

Achilles tendon CSA from 37.50 mm? + 9 mm? to 34.52 mm?+ 6.80 mm?, a 6% decline
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and from 36.30 mm?+ 10.70 mm? to 36.50 mm?+ 9.04 mm?, a 2% decline, respectively
(Table 27 & Figure 25). A repeated measures ANOVA failed to reveal any statistically
significant difference between the two time points for bilateral (less/more-affected)
Achilles tendon CSA (F(1, 4) = 1.58, p =.277), (F(1, 4) = .024, p = .884), respectively
(Figure 26). At 1 month follow up, the CSA of the more affected Achilles tendon was 6%
larger than the less affected Achilles tendon.

Muscle Architecture: Bilateral Medial Gastrocnemius CSA. Comparison between
the baseline testing and 1 month follow up showed a non-significant increase in bilateral
(less/more-affected) medial gastrocnemius CSA from 2.57 cm?+ 1.01 cm? to 2.85 cm?+
1.08 cm? (12% improvement) and 2.30 cm?+ .551 cm? to 2.59 cm?+ .650 cm? (13%
improvement), respectively (Table 27 & Figure 25). When comparing the baseline testing
and 1 month follow up measurements within the groups (ANOVA), there was no
statistically significant difference between the two time points of bilateral (less/more-
affected) medial gastrocnemius CSA (F(1, 4) = 1.76, p = .255), (F(1, 4) = 3.73, p = .125),
respectively (Figure 26). At 1 month follow up, the medial gastrocnemius muscles on the
more affected sides had smaller CSA values than those on the less affected sides by 9%.

Muscle Architecture: Bilateral Tibialis Anterior CSA. Comparison between the
baseline testing and 1 month follow up showed significant increase in less-affected
tibialis anterior CSA, which improved 11%, from 2.57 cm?+.81 cm? to 2.89 cm?+ 1.04
cm? (Table 27 & Figure 25). A repeated measures ANOVA showed a statistically
significant difference between the two time points (F(1, 4) = 8.70, p = .042) (Figure 26).
On the other hand, the comparison between the two tests (baseline testing and follow up)

of the more-affected tibialis anterior CSA showed non-significant improvement from
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2.76 cm?+.703 cm? to 3.07 cm?+ 1.05 cm?, a 9% improvement (Table 27 & Figure 25). A
repeated measures ANOVA showed that there was no statistically significant difference
between the two time points (F(1, 4) = 3.47, p = .136) (Figure 26). At 1 month follow up,
the CSA of the more affected tibialis anterior was 6% larger than the less affected one.

Table 27. Mean = SD CSA of AT, TA and gastrocnemius changes prior to and after
training

Baseline Follow up F df p-value

(LA) Achilles tendon | 37.50 9 34.52+ 6.80 1.58 14 277
CSA (mm?)

(MA) Achilles tendon | 36.30+ 10.70 36.50+ 9.04 .024 14 .884
CSA (mm?)

(LA) medial | 2.57+1.01 2.85+ 1.08 1.76 14 .255
gastrocnemius CSA (cm?)

(MA) medial | 2.30+ .551 2.59+ .650 3.73 14 125
gastrocnemius CSA (cm?)

(LA) tibialis anterior | 2.57+.81 2.89+1.04 8.70 1,4 .042*

CSA (cm?)

(MA ) tibialis anterior | 2.76+.703 3.07+1.05 3.47 1,4 136
CSA (cm?)

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Muscle Architecture: Bilateral Tibialis Anterior Pennation Angle. The results
showed that bilateral (less/more-affected) tibialis anterior pennation angle increased at 1
month follow up, from 15.09°+ 4.26° to 15.60°+ 4.80°, 13.03°+1.63° to 13.24°+2.26°, a
3% and 2% improvement, respectively (Table 28 & Figure 25). A repeated measures
ANOVA failed to reveal any statistically significant difference between different time
point of the bilateral (less/more-affected) tibialis anterior pennation angle (F(1, 4) = .338,
p =.592), and (F(1, 4) = .059, p = .820) (Figure 26). At 1 month follow up, the tibialis
anterior pennation angle on the more affected sides was 15% smaller than those on the

less affected sides.
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Table 28. Mean + SD TA pennate angle (deg.) changes prior to and after training

Baseline Follow up F df p-value
(LA) Tibialis anterior | 15.09+ 4.26 | 15.60+ 4.80 .338 14 592
pennate angle
(MA) Tibialis anterior | 13.03£1.63 | 13.24+2.26 .059 1,4 .820

pennate angle
*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Muscle Architecture: Bilateral Tibialis Anterior Thickness. Average bilateral
(less/more-affected) tibialis anterior thickness increased at 1 month follow up, from 22.77
mm % 3.87 mm to 24.61 mm £ 3.79 mm (9% improvement) and from 23.47 mm +4.37
mm to 24.53 mm £3.13 mm (6% improvement), respectively (Table 29 & Figure 25). A
repeated measures ANOVA failed to reveal any statistically significant difference
between different time points of the bilateral (less/more-affected) tibialis anterior
thickness (F(1, 4) = 2.95, p = .161), (F(1, 4) = 1.14, p = .344) (Figure 26). The tibialis

anterior thickness on the more affected sides had higher values than those on the less

affected sides by 0.32%.
Table 29. Mean = SD TA thickness (mm) changes prior to and after training
Baseline Follow up F df p-value
(LA) tibialis anterior | 22.77+ 3.87 24.61+ 3.79 2.95 1,4 161
thickness
(MA) tibialis = 23.47+4.37 24.53+3.13 1.14 1,4 344

anterior thickness
*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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ROM
ROM: Ankle Dorsiflexion. Data from the goniometer were analyzed at all four
time points. The results show that the mean active ROM of the less-affected ankle

dorsiflexors increased from -1.40°+ 11.90° to 7.40°+ 11.14° at 1 month follow up, a 72%
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improvement (Table 30 & Figure 27). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(1.45, 5.81) = 16.17, p
=.005). Post hoc tests using the Bonferroni correction showed a statistical significant
change between initial and follow up (p=.034). No statistically significant differences on
mean score between initial and baseline (p = 1), initial and immediate training (p = .094),
baseline and immediate training (p = .111), baseline and follow up (p = .062), and
immediate training and follow up (p = 1) (Table 31 & Figure 28). The results also show
that, by 1 month follow up, the mean active ROM of the more-affected ankle dorsiflexors
significantly increased from -26.60°+ 10.43° to -13.20°+ 7.72°, a 54% improvement
(Table 30 & Figure 27). A repeated measures ANOVA showed a statistically significant
difference between different time points (F(1.32, 5.30) = 14.40, p = .009). Post hoc tests
revealed statistically significant differences on mean score between time points initial and
follow up (p = .008) and baseline and immediate training (p = .012). No statistically
significant changes emerged between initial and baseline (p = 1), initial and immediate
training (p = .131), baseline and immediate training (p = .071) and immediate training
and follow up (p = 1) (Table 31 & Figure 29).

By 1 month follow up, the mean score of passive ROM of the less-affected ankle
dorsiflexors increased from 8.8°+ 8.81° to 14.4°+ 9.81°, a 55% improvement (Table 30 &
Figure 27). A repeated measures ANOVA showed a statistically significant difference
between time points (F(2.03, 8.12) = 10.69, p = .005). Post hoc tests using the Bonferroni
correction did not show any statistical significant change between initial and baseline (p
= 1), initial and immediate training (p = .170), initial and follow up (p=.068), baseline

and immediate training (p = .083), baseline and follow up (p =.197), and immediate
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training and follow up (p = 1) (Table 31 & Figure 28). For the same time point, the mean
score of passive ROM of the more-affected ankle dorsiflexors statistically increased from
-10.40°+ 11.97° to 2.60°+ 11.95°, a 295% improvement (Table 30 & Figure 27). A
repeated measures ANOVA showed a statistically significant difference between
different time points (F(1.97, 7.88) = 30.95, p <.001). Post hoc tests using the Bonferroni
correction revealed statistically significant differences on mean score between the
following time points: initial and immediate training (p = .013), initial and follow up
(p=.022), baseline and immediate training (p = .040), baseline and follow up (p = .004).
No statistically significant changes were seen between initial and baseline (p = 1) and
immediate training and follow up (p = .976). (Table 31 & Figure 29).

Table 30. Mean = SD ankle dorsiflexion (DF) ROM (deg.) changes prior to and after
training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active | .00x 10 -1.40+ 11.90 7.80% 12.39 7.40+11.14 | 16.17 1.45, @ .005*
(LA) DF 5.81
Active | -27+7.31 | -26.60% -18+ 10.65 -13.20+ 7.72 | 14.40 1.32, | .009*
(MA) DF 10.43 5.30
Passive | 7.60+9.34  8.8+£8.81 14.2+ 10.15 14.4+9.81 10.69 2.03, | .005*
(LA) DF 8.12
Passive | -10+12.43 | -10.40+ -.80+ 10.80 2.60+11.95 | 30.952 @ 197, <.001*
(MA) DF 11.97 7.88

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 31. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline and  Baseline Immediate
and immediate and immediate and follow training and
baseline  training follow up  training up follow up
Active (LA) DF | 1 .094 .034* 111 .062 1
Active (MA) DF | 1 131 .008* .012* 071 1
Passive (LA) DF | 1 170 .068 .083 197 1
Passive (MA) | 1 .013* .022* .040* .004* .976

DF
*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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ROM: Ankle Plantarflexion. The mean score of active ROM of the less-affected
ankle plantarflexors increased from 49.80°+ 8.25° to 61.20°+ 4.14° at 1 month follow up,
a 25% improvement (Table 32 & Figure 27). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(1.79, 7.19) = 13.10, p
=.004). Post hoc tests using the Bonferroni correction showed no statistically significant
differences on mean score between initial and baseline (p = 1), initial and immediate
training (p = .135), initial and follow up (p=.111), baseline and immediate training (p =
.060), baseline and follow up (p = .060), and immediate training and follow up (p = 1)
(Table 33 & Figure 28). By 1 month follow up, the mean score of active ROM of the
more-affected ankle plantarflexors increased from 47.80°+ 8.19° to 56°+ 6.04° (19%
improvement) (Table 32 & Figure 27). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(2.27, 9.08) = 29.30, p
<.001). Post hoc tests revealed statistically significant differences on mean score
between initial and immediate training (p = .005), initial and follow up (p=.005) and
baseline and immediate training (p = .043). No statistically significant changes were seen
between initial and baseline (p = .613), baseline and follow up (p =.118), and immediate
training and follow up (p = .635) (Table 33 & Figure 29).

By 1 month follow up, the mean score of passive ROM of the less-affected ankle
plantarflexors showed a 16% improvement, increasing from 60°+ 8.38° to 69.60°+ 7.95°
(Table 32 & Figure 27). A repeated measures ANOVA showed a statistically significant
difference between different timepoints (F(1.56, 6.24) = 11.42, p =.010). Post hoc tests
showed no statistically significant differences on mean score between initial and baseline

(p = .538), initial and immediate training (p = .234), initial and follow up (p=.088),
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baseline and immediate training (p = .199), baseline and follow up (p = .098), and
immediate training and follow up (p = 1) (Table 33 & Figure 28). The 1 month follow up
mean score of passive ROM of the more-affected ankle plantarflexors increased from
58.20°+ 7.46° to 66°% 7.90°, a 14% improvement (Table 32 & Figure 27). A repeated
measures ANOVA showed a statistically significant difference between different time
points (F(2.01, 8.04) = 31.19, p < .001). Post hoc tests revealed statistically significant
differences on mean score between initial and immediate training (p = .025), initial and
follow up (p=.006), baseline and immediate training (p = .018), baseline and follow up (p
=.015). No statistically significant changes were seen between initial and baseline (p =
.148), and immediate training and follow up (p = 1). (Table 33 & Figure 29).

Table 32. Mean = SD ankle plantarflexion (PF) ROM (deg.) changes prior to and after
training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active | 48.80% 49.80+£ 8.25 @ 62+ 3.67 61.20+4.14 | 13.10 1.79, | .004*
(LA) PF | 7.79 7.19
Active | 42.80+ 47.80+8.19 | 58.60+3.97 | 56+ 6.04 29.30 2.27, | <.001*
(MA) PF | 7.59 9.08
Passive = 58+10.65 @ 60+ 8.38 67.40+4.33 | 69.60+£7.95 @ 11.42 1.56, | .010*
(LA) PF 6.24
Passive | 54.20% 58.20+ 7.46 | 63.80£6.72 | 66+ 7.90 31.19 2.01, @ <.001*
(MA) PF | 9.75 8.04

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 33. Post hoc test showed the difference between time points

p-value Initial and Initial and Initial Baseline and Baseline Immediate
baseline immediate and immediate and follow training and
training follow training up follow up
up
Active | 1 135 111 .060 .060 1
(LA) PF
Active | .613 .005* .005* .043* 118 .635
(MA) PF
Passive = .538 234 .088 .199 .098 1
(LA) PF
Passive | .148 .025* .006* .018* .015* 1
(MA) PF

*. The mean difference is significant at the .05 level.
Note. (LA)= less-affected & (MA)= more-affected.

91



ROM: Ankle Eversion. The mean score of active ROM of the less-affected ankle
evertors increased from 13°+ 4.69° to 20.80°+ 7.19°, a 63% improvement, 1 month
follow up (Table 34 & Figure 27). A repeated measures ANOVA showed a statistically
significant difference between different time points (F(2.37, 9.47) = 17.99, p <.001). Post
hoc tests revealed statistically significant differences on mean score between initial and
follow up (p=.016) and baseline and follow up (p = .036). No statistically significant
changes were seen between initial and baseline (p = 1), initial and immediate training (p
=.091), baseline and immediate training (p = .106) and immediate training and follow up
(p =1) (Table 35 & Figure 28). At 1 month follow up, the mean score of active ROM of
the more-affected ankle evertors increased from 9.40°+ 2.88° to 19.20°+ 6.41°, a 107%
improvement (Table 34 & Figure 27). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(1.04, 4.18) = 21.83, p
=.008). Post hoc tests revealed statistically significant differences on mean score
between initial and immediate training (p = .020), baseline and immediate training (p =
.014). There were no statistically significant changes between initial and baseline (p =
.196), initial and follow up (p=.067), baseline and follow up (p = .065), and immediate
training and follow up (p = .375) (Table 35 & Figure 29).

By 1 month follow up, the mean score of passive ROM of the less-affected ankle
evertors increased from 19.20°+ 8.01° to 29.60°+ 7.70°, an increase of 67% (Table 34 &
Figure 27). A repeated measures ANOVA showed a statistically significant difference
between different time points (F(1.33, 5.32) = 8.82, p =.025). Post hoc tests showed no
statistically significant differences on mean score between initial and baseline (p = 1),

initial and immediate training (p = .272), initial and follow up (p=.152), baseline and
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immediate training (p = .346), baseline and follow up (p = .220), and immediate training
and follow up (p = 1) (Table 35 & Figure 28). The mean score of passive ROM of the
more-affected ankle evertors increased from 16.20°+3.96° to 28.20°+7.25°, improving
77% at 1 month follow up (Table 34 & Figure 27). A repeated measures ANOVA
showed a statistically significant difference between different time points (F(1.81, 7.27) =
11.97, p = .006). Post hoc tests using the Bonferroni correction revealed that there were
no statistically significant differences on mean score between initial and baseline (p = 1),
initial and immediate training (p = .232), initial and follow up (p=.084), baseline and
immediate training (p = .157), baseline and follow up (p = .092), and immediate training
and follow up (p = 1) (Table 35 & Figure 29).

Table 34. Mean = SD ankle eversion ROM (deg.) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active (LA) | 13.80+ 13+ 4.69 19.20+ 7.53  20.80+7.19 1799 | 237, | <.001*
eversion | 6.01 9.47
Active (MA) | 8.20+2.38  9.40+2.88  15.80+3.76 | 19.20+6.41 21.83 | 1.04, @ .008*
eversion 4.18
Passive | 18.40% 19.20+ 8.01 | 27+8.42 29.60+ 7.70 8.82 1.33,  .025*
(LA)  6.84 5.32
eversion
Passive | 15.20% 16.20+3.96 & 25+8.39 28.20£7.25 1197 | 1.81, | .006*
(MA) | 3.11 7.27
eversion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 35. Post hoc test showed the difference between time points

p-value Initial Initial and  Initial Baselineand  Baseline Immediate
and immediate and immediate and follow training and
baseline training follow up  training up follow up
Active (LA) | 1 .091 .016* .106 .036* 1
eversion
Active (MA) | .196 .020* .067 .014* .065 .375
eversion
Passive (LA) | 1 272 152 .346 .220 1
eversion
Passive (MA) | 1 232 .084 157 .092 1
eversion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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ROM: Ankle Inversion. The mean score of active ROM of the less-affected ankle
invertors increased from 20° £ 9.72° to 30.80° + 8.10° at 1 month follow up, improving
by 72% (Table 36 & Figure 27). A repeated measures ANOVA showed a statistically
significant difference between different time points (F(1.75, 7.00) = 15.68, p = .003).
Post hoc tests revealed a statistically significant differences on mean score between initial
and immediate training (p = .030) and baseline and immediate training (p = .018). No
statistically significant changes were seen between initial and baseline (p = 1), initial and
follow up (p=.099), baseline and follow up (p = .242), and immediate training and follow
up (p =1) (Table 37 & Figure 28). The results show that, by 1 month follow up, the mean
active ROM of the more-affected ankle invertors significantly increased from 18.80° +
9.03° to 26.80° + 7.39°, a 62% improvement (Table 36 & Figure 27). Between different
time points, a repeated measures ANOVA showed a statistically significant difference
(F(1.84, 7.38) = 17.21, p = .002). Post hoc tests revealed statistically significant
differences on mean score between initial and immediate training (p = .018) and baseline
and immediate training (p = .021). No statistically significant changes were seen between
initial and baseline (p = .636), initial and follow up (p=.059), baseline and follow up (p =
.249), and immediate training and follow up (p = 1) (Table 37 & Figure 29).

The mean score of passive ROM of the less-affected ankle invertors improved
25%, increasing from 31.80° + 7.01° to 39.40° + 6.87° at 1 month follow up (Table 36 &
Figure 27). A repeated measures ANOVA showed a statistically significant difference
between different time points (F(1.55, 6.21) = 15.73, p = .005). Post hoc tests showed
statistically significant differences on mean score between baseline and follow up (p =

.030). No statistically significant changes were seen between initial and baseline (p = 1),
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initial and immediate training (p = .116), initial and follow up (p=.070), baseline and
immediate training (p = .058) and immediate training and follow up (p = 1). (Table 37 &
Figure 28). By 1 month follow up, the mean score of passive ROM of the more-affected
ankle invertors significantly increased from 29.60° + 4.15° to 39°+ 4.35°, a 32%
improvement (Table 36 & Figure 27). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(1.35, 5.41) = 47.07,
p<.001). Post hoc tests revealed statistically significant differences on mean score
between initial and immediate training (p = .030), initial and follow up (p=.003), baseline

and immediate training (p = .014) and baseline and follow up (p = .001). No statistically

significant changes were seen between initial and baseline (p = .515) and immediate

training and follow up (p = 1) (Table 37 & Figure 29).

Table 36. Mean = SD ankle inversion ROM (deg.) changes prior to and after training

Initial Baseline Immediate  Follow up F df p-
baseline training value
Active (LA) | 18.20 + 20+ 9.72 33+ 10 30.80+8.10  15.68 1.75, @ .003*
inversion | 6.64 7
Active (MA) | 14.80 £ 18.80+9.03 | 26.80+8.10 26.80+7.39  17.21 1.84, | .002*
inversion | 8.87 7.38
Passive (LA) @ 30+ 4.63 31.80+7.01 |39.40+7.66 39.40+6.87 1573 155, & .005*
inversion 6.21
Passive (MA) | 27.40 + 29.60+4.15 | 38.20+5.49 @ 39+4.35 47.07 1.35, | .001*
inversion | 4.09 5.41
*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
Table 37. Post hoc test showed the difference between time points
p-value Initial Initial and  Initialand Baselineand Baseline Immediate
and immediate  follow up immediate and follow training
baseline training training up and follow
up
Active (LA) | 1 .030* .099 .018* 242 1
inversion
Active (MA) | .636 .018* .059 .021* .249 1
inversion
Passive (LA) | 1 116 .070 .058 .030* 1
inversion
Passive (MA) | .515 .030* .003* .014* .001* 1
inversion

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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ROM: Knee Extension. The mean score of active ROM of the less-affected knee
extensor did not show any significant improvement, as shown by repeated measures
(F(1.44,5.75) = .607, p = .525) (Table 38 & Figure 30). Post hoc tests showed no
statistically significant differences on mean score between initial and baseline (p = 1),
initial and immediate training (p = 1), initial and follow up (p=1), baseline and immediate
training (p = 1), baseline and follow up (p = 1), and immediate training and follow up (p
=1) (Table 39 & Figure 31). Similarly, the mean score of active ROM of the more-
affected knee extensor did not show any significant improvement, as shown by a repeated
measures ANOVA (F(1.10, 4.41) = 1.26, p = .326) (Table 38 & Figure 30). Post hoc tests
using the Bonferroni correction did not reveal any statistically significant differences on
mean score between initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 652), baseline and
follow up (p = 1), and immediate training and follow up (p = 1) (Table 39 & Figure 31).

By 1 month follow up, the mean score of passive ROM of the less-affected knee

extensor slightly increased from 1.40°+ 3.91° to 1.60°+ .548° (11% improvement).
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However, the change was not significant (F(1.24, 4.97) = .014, p = .945) (Table 38 &
Figure 30). Post hoc tests did not reveal any statistically significant differences on mean
score between initial and baseline (p = 1), initial and immediate training (p = 1), initial
and follow up (p=1), baseline and immediate training (p = 1), baseline and follow up (p =
1), and immediate training and follow up (p = 1) (Table 39 & Figure 31). The mean score
of passive ROM of the more-affected knee extensor improved from .80°+ 3.42° to 1.60
°x 1.14° (25% improvement) at 1 month follow up (Table 38 & Figure 30). However, it
was not significant (F(1.64, 6.58) = .516, p = .586). Post hoc tests revealed no statistically
significant differences on mean score between initial and baseline (p = 1), initial and
immediate training (p = 1), initial and follow up (p=1), baseline and immediate training
(p = 1), baseline and follow up (p = 1), and immediate training and follow up (p = 1)
(Table 39 & Figure 31).

Table 38. Mean = SD knee extension ROM (deg.) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active | -1+ 3.46 -2+ 4.47 -.80+ 4.86 -.40+ .89 .607 1.44, | 525
(LA) knee 5.75
extension
Active | -1.80% -3+ 6.70 -1.80+576 | -20+1.64 1.26 1.10, | .326
(MA) knee | 4.60 4.41
extension
Passive = 1.60£2.96 | 1.40+3.91 1.60+ 1.81 1.60+ .548 .014 1.24, | .945
(LA) knee 4.97
extension
Passive = .60+3.20 | .80+3.42 1.0£1.73 1.60+1.14 516 1.64, @ .586
(MA) knee 6.58
extension

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Table 39. Post hoc test showed the difference between time points

p-value Initial Initial and  Initial Baseline Baseline Immediate
and immediate and and and training and
baseline training follow up  immediate followup follow up
training
Active (LA) | 1 1 1 1 1 1
knee extension
Active (MA) | 1 1 1 .652 1 1
knee extension
Passive (LA) | 1 1 1 1 1 1
knee extension
Passive (MA) | 1 1 1 1 1 1
knee extension

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

30%
25%

20%

15%
10%
0%

Mean percentage change of knee extension
ROM score

AROM PROM
Knee Extension
H Less-affected 16% 11%
H More-affected 16% 25%

M Less-affected m More-affected

Figure 30. Knee extension ROM changes chart

99



Change of mean score of knee
extension ROM (deg.)

Active Passive Active Passive

Knee Extension (less-affected) Knee Extension (more-affected)

Pre-Test 1 Pre-Test 2 Post-Test 1 Post-Test 2

Figure 31. Change of knee extension ROM mean score prior to and after training

ROM: Knee Flexion. The mean score of active ROM of the less-affected knee
flexors increased from 136.40°+ 8.64° to 143.60° + 4.72° at 1 week post training.
However, it declined at 1 month follow up to 138.20° £ 5.02°, a 2% improvement (Table
40 & Figure 32). A repeated measures ANOVA showed no statistically significant
difference between mean scores (F(2.10, 8.40) = 2.16, p = .173). Post hoc tests revealed
no statistically significant differences on mean score between initial and baseline (p = 1),
initial and immediate training (p = 1), initial and follow up (p=1), baseline and immediate
training (p = .570), baseline and follow up (p = 1), and immediate training and follow up
(p =.769) (Table 41 & Figure 33). At the same time point, the mean score of active ROM
of the more-affected knee flexors had significantly increased from 128.80° + 6.38° to
142.20° + 3.83°; however it declined at 1 month follow up to 132.40 + 9.73°, a 3%
improvement (Table 40 & Figure 32). A repeated measures ANOVA showed a
statistically significant difference between different time points (F(2.03, 8.14) = 9.66, p =
.007). Post hoc tests using the Bonferroni correction revealed statistically significant

differences on mean score between baseline and immediate training (p = .009). No
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statistically significant changes were seen between initial and baseline (p =.211), initial
and immediate training (p = .729), initial and follow up (p=1), baseline and follow up (p
=.652), and immediate training and follow up (p = .222) (Table 41 & Figure 33).

The mean score of passive ROM of the less-affected knee flexors slightly
increased from 146.40° + 5.50° to 147.60° + 6.34° at 1 week post-training; however, the
mean score of passive ROM declined at one month follow up to 146.60° + 7.26° (Table
40 & Figure 32). A repeated measures ANOVA did not show a statistically significant
difference between different time points (F(1.18, 4.74) = .081, p = .827). Post hoc tests
using the Bonferroni correction revealed no statistically significant differences on mean
score between initial and baseline (p = 1), initial and immediate training (p = 1), initial
and follow up (p=1), baseline and immediate training (p = 1), baseline and follow up (p =
1), and immediate training and follow up (p = .534) (Table 41 & Figure 33). The mean
score of passive ROM of the more-affected knee flexors did not show any significant
improvement based on repeated measures ANOVA results (F(1.51, 6.05) =2.07,p =
.205) (Table 40 & Figure 32). Post hoc tests using the Bonferroni correction showed
statistically significant differences on mean score between baseline and immediate
training (p = .001). No statistically significant changes were seen between initial and
baseline (p = 1), initial and immediate training (p = 1), initial and follow up (p=1),
baseline and follow up (p = .553), and immediate training and follow up (p = 1) (Table 41

& Figure 33).
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Table 40. Mean + SD knee flexion ROM (deg.) changes prior to and after training

Active
(LA) knee
flexion
Active
(MA)
knee
flexion
Passive
(LA) knee
flexion
Passive
(MA)
knee
flexion

*, Significant difference pre to post (p<.05).

Initial
baseline
142.40+
6.10

135.80 +
7.15
147.20
7.15

143.80 +
7.88

Baseline

136.40+ 8.64

128.80 £
6.38

146.40 £

5.50

138.40 £
5.17

Immediate
training
143.60 £
4.72

142.20 +
3.83
147.60 +
6.34

145.40 +
4.98

Note. (LA)= less-affected & (MA)= more-affected.

Follow up

138.20 £
5.02

132.40 +
9.73
146.60 +
7.26

143.20
7.72

F

2.16

9.66

.081

2.07

Table 41. Post hoc test showed the difference between time points

p-value

Active
(LA) knee
flexion
Active
(MA) knee
flexion
Passive
(LA) knee
flexion
Passive
(MA) knee
flexion

*, Significant difference pre to post (p<.05).

Initial and
baseline

1

211

Initial and
immediate
training

1

729

Initial
and
follow
up

1

Note. (LA)= less-affected & (MA)= more-affected.
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Baseline and
immediate
training

.570

.009*

.001*

Baseline
and follow

up
1

.652

.553

df p-
value

2.10, | .173

8.40

2.03, | .007*

8.14

1.18, @ .827

4.74

151, @ .205

6.05

Immediate

training and

follow up

.769

222

534

1
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flexion ROM score
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AROM PROM

Knee Flexion
M Less-affected 2% 0%
B More-affected 3% 3%

Mean percentage change of knee

M Less-affected M More-affected

Figure 32. Knee flexion ROM changes chart
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Figure 33. Change of knee flexion ROM mean score prior to and after training

ROM: Hip Abduction. The mean score of active ROM of the less-affected hip
abductors showed no significant improvement across time points (F(1.90, 7.62) = .262, p
=.767) (Table 42 & Figure 34). Post hoc tests using the Bonferroni correction did not
reveal any statistically significant differences on mean score between initial and baseline
(p = 1), initial and immediate training (p = 1), initial and follow up (p=1), baseline and

immediate training (p = 1), baseline and follow up (p = 1), and immediate training and
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follow up (p = 1) (Table 43 & Figure 35). The mean score of active ROM of the more-
affected hip abductors showed no significant improvement (F(1.88, 7.54) = .580, p =
.574) (Table 42 & Figure 34). Post hoc tests did not reveal any statistically significant
differences on mean score between initial and baseline (p = 1), initial and immediate
training (p = 1), initial and follow up (p=1), baseline and immediate training (p = 1),
baseline and follow up (p = 1), and immediate training and follow up (p = 1) (Table 43 &
Figure 36).

By 1 month follow up, the mean score of passive ROM of the less-affected hip
abductors increased from 39.20°+ 12.31° to 45°+ 11.22°, a 21% improvement (Table 42
& Figure 34). A repeated measures ANOVA did not show a statistically significant
difference between different time points (F(1.25, 5.01) = .877, p = .419). Post hoc tests
did not reveal any statistically significant differences on mean score between initial and
baseline (p = 1), initial and immediate training (p = 1), initial and follow up (p=.499),
baseline and immediate training (p = 1), baseline and follow up (p = 1), and immediate
training and follow up (p = 1) (Table 43 & Figure 35). The mean score of passive ROM
of the more-affected hip abductors, by 1 month follow up, increased from 37°+ 8.21° to
42.20°% 7.69°, an improvement of 16% (Table 42 & Figure 34). A repeated measures
ANOVA showed no statistically significant difference between different time points
(F(1.81, 7.27) = 1.75, p = .239). Post hoc tests did not reveal any statistically significant
differences on mean score between initial and baseline (p = 1), initial and immediate
training (p = 1), initial and follow up (p=1), baseline and immediate training (p = .866),
baseline and follow up (p =.671), and immediate training and follow up (p = 1) (Table 43

& Figure 36).
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Table 42. Mean + SD hip abduction (AB) ROM (deg.) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active | 36.40% 34+ 10.58 37.20+ 10.47 | 36.20+ 13.42 | .262 1.90, | .767
(LA) hip | 10.50 7.62
AB
Active | 32.60+ 29.20+12.98 | 33.40+ 10.76 | 34.20+9.33  .580 1.88, | 574
(MA) hip | 6.98 7.54
AB
Passive = 41.80+ 39.20+ 12.31  43.40+9.31 | 45+ 11.22 877 1.25, | .419
(LA) hip | 10.71 5.01
AB
Passive = 38.80% 37821 4220+ 7.22 | 4220£7.69 @ 175 1.81, @ .239
(MA) hip | 8.07 7.27
AB

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 43. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline and Baseline Immediate
and immediate and immediate and follow training and
baseline training follow training up follow up
up
Active (LA) | 1 1 1 1 1 1
hip AB
Active (MA) | 1 1 1 1 1 1
hip AB
Passive (LA) | 1 1 499 1 1 1
hip AB
Passive | 1 1 1 .866 .671 1
(MA) hip AB

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

ROM: Hip Adduction. The mean score of active ROM of the less-affected hip
adductors improved by 1 week post-training, from 22.60°+ 6.54° to 25.40°+ 6.14°. An
even bigger improvement occurred at 1 month follow up with the mean score of active
ROM increasing to 27.80°+ 4.26°, a 30% improvement (Table 44 & Figure 34). A
repeated measures ANOVA did not show any statistically significant differences between
different time points (F(1.77, 7.10) = 1.35, p = .312). Post hoc tests did not reveal any
statistically significant differences on mean score between initial and baseline (p = 1),
initial and immediate training (p = 1), initial and follow up (p=1), baseline and immediate

training (p = 1), baseline and follow up (p = 1), and immediate training and follow up (p
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=1) (Table 45 & Figure 35). By 1 week post-training, there was a slight improvement in
the mean score of active ROM of the more-affected hip adductors from 18.80°+ 6.68° to
23.60°+ 6.10°, and to 26°+ 4° by one month follow up (56% improvement) (Table 44 &
Figure 34). However, that improvement was not statistically significant (F(1.19, 4.77) =
3.52, p =.121). Post hoc tests revealed statistically significant differences on mean score
between initial and follow up (p=.018). No statistically significant changes were seen
between initial and baseline (p = 1), initial and immediate training (p = 1), baseline and
immediate training (p = .108), baseline and follow up (p = .532), and immediate training
and follow up (p = 1) (Table 45 & Figure 36).

The mean score of passive ROM of the less-affected hip adductors increased from
28.60°+ 7.53° to 33°+ 6.08° at 1 month follow up, a 21% improvement (Table 44 &
Figure 34). A repeated measures ANOVA showed no statistical significance between
different time points (F(1.25, 5.02) = 2.32, p = .191). Post hoc tests using the Bonferroni
correction did not reveal any statistically significant differences on mean score between
initial and baseline (p = 1), initial and immediate training (p = .347), initial and follow up
(p=.341), baseline and immediate training (p = .349), baseline and follow up (p = 1), and
immediate training and follow up (p = 1) (Table 45 & Figure 35). The mean score of
passive ROM of the more-affected hip adductors increased from 25.80°+ 8.58° to
27.80°+ 6.34° at 1 week post-training, and to 31°+ 6.40° at 1 month follow up, a 28%
improvement (Table 44 & Figure 34). A repeated measures ANOVA did not show any
statistical significance between different time points (F(1.67, 6.68) = 2, p = .208). Post
hoc tests did not reveal any statistically significant differences on mean score between

initial and baseline (p = 1), initial and immediate training (p = 1), initial and follow up
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(p=.494), baseline and immediate training (p = .775), baseline and follow up (p = 1), and

immediate training and follow up (p = 1) (Table 45 & Figure 36).

Table 44. Mean + SD hip adduction (ADD) ROM (deg.) changes prior to and after

training
Initial Baseline Immediate Follow up F df p-
baseline training value
Active | 24.40+ 22.60£6.54 | 25.40+6.14 | 27.80+4.26 @ 1.35 1.77, | 312
(LA) hip | 6.18 7.10
ADD
Active | 21+5.38 18.80+ 6.68  23.60+6.10 @ 26+4 3.52 1.19, | .121
(MA) hip 4.77
ADD
Passive | 27.40% 28.60+ 7.53 | 31.60+6.06 | 33+6.08 2.32 1.25, | .191
(LA) hip = 4.56 5.02
ADD
Passive | 26+4.18 25.80+£858 | 27.80+6.34 | 31+6.40 2 1.67, | .208
(MA) hip 6.68
ADD
*. Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
Table 45. Post hoc test showed the difference between time points
p-value Initial Initial and Initial Baseline and  Baseline Immediate
and immediate and immediate and follow training and
baseline training follow training up follow up
up
Active (LA) | 1 1 1 1 1 1
hip ADD
Active (MA) | 1 1 .018* .108 532 1
hip ADD
Passive (LA) | 1 .347 341 .349 1 1
hip ADD
Passive | 1 1 494 775 1 1
(MA) hip
ADD

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

ROM: Hip Extension. The mean score of active ROM of the less-affected hip
extensors showed no significant improvement (F(1.17, 4.70) = .158, p = .747) (Table 46
& Figure 34). Post hoc tests did not reveal any statistically significant differences on
mean score between initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 1), baseline and follow

up (p = 1), and immediate training and follow up (p = 1) (Table 47 & Figure 35). The
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mean score of active ROM of the more-affected hip extensors slightly improved from
10.60°+ 6.91° to 12.20°+ 4.26° (61% improvement) at 1 month follow up (Table 46 &
Figure 34). However, the improvement was not statistically significant (F(1.55, 6.21) =
457, p =.607). Post hoc tests did not reveal any statistically significant differences on
mean score between initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 1), baseline and follow
up (p = 1), and immediate training and follow up (p = 1) (Table 47 & Figure 36).

Slight improvement in the mean score of passive ROM of the less-affected hip
extensors occurred at 1 month follow up, improving from 24.60°+ 8.82° to 25.80°+ 4.60°
(18% improvement) (Table 46 & Figure 34). A repeated measures ANOVA did not show
a statistically significant difference between different time points (F(2.04, 8.18) = .439, p
=.663). Post hoc tests did not reveal any statistically significant differences on mean
score between time initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 1), baseline and follow
up (p = 1), and immediate training and follow up (p = 1) (Table 47 & Figure 35). At 1
month follow up, the mean score of passive ROM of the more-affected hip extensor
increased from 22°+ 8.80° to 24.40°+ 3.57°, an 28% improvement, but this was not
statistically significant (F(1.73, 6.94) = 1.30, p =.324) (Table 46 & Figure 34). Post hoc
tests did not reveal any statistically significant differences on mean score between initial
and baseline (p = 1), initial and immediate training (p = 1), initial and follow up (p=1),
baseline and immediate training (p = 1), baseline and follow up (p = 1), and immediate

training and follow up (p = .596) (Table 47 & Figure 36).
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Table 46. Mean + SD hip extension (EX) ROM (deg.) changes prior to and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
Active | 10.80« 12+ 8.09 12+ 7.34 12.20+ 6.97 | .158 1.17, | .747
(LA) hip | 12.37 4.70
EXx
Active | 9.40% 10.60+6.91 | 11.60+5.22 | 12.20+4.26 | .457 1.55, | .607
(MA) hip | 11.61 6.21
EXx
Passive = 23.80% 24.60£8.82 | 26+ 6.96 25.80+4.60 | .439 2.04, | .663
(LA) hip | 7.39 8.18
EXx
Passive = 20.20+ 22+8.80 23.60£4.03 | 24.40+357 | 1.30 1.73, | .324
(MA) hip | 7.72 6.94
Ex

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 47. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline and Baseline Immediate
and immediate and immediate and follow training and
baseline training follow training up follow up
up
Active (LA) | 1 1 1 1 1 1
hip Ex
Active (MA) | 1 1 1 1 1 1
hip Ex
Passive (LA) | 1 1 1 1 1 1
hip Ex
Passive | 1 1 1 1 1 .596
(MA) hip Ex

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

ROM: Hip Flexion. The mean score of active ROM of the less-affected hip
flexors increased from 110.60°+ 12.64° to 115°+ 11.26° at 1 week post-training, and to
116.40°% 9.83° at 1 month follow up, improving 6% (Table 48 & Figure 34). A repeated
measures ANOVA did not show a statistically significant difference between different
time points (F(1.58, 6.33) = 1.12, p = .366). Post hoc tests using the Bonferroni
correction revealed no statistically significant differences on mean score between initial
and baseline (p = 1), initial and immediate training (p = 1), initial and follow up (p=1),
baseline and immediate training (p = .177), baseline and follow up (p = 1), and

immediate training and follow up (p = 1) (Table 49 & Figure 35). At 1 week post-
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training, the mean score of active ROM of the more-affected hip flexors increased from
106°+ 11.42° to 115.20°+ 9.52°, and at 1 month follow up, improved 6% increasing to
112°+ 7.48° (Table 48 & Figure 34). A repeated measures ANOVA showed no
statistically significant difference between different time points (F(1.90, 7.63) = 2.16, p =
.181). Post hoc tests showed statistically significant differences on mean score between
baseline and immediate training (p = .029). No statistically significant changes were seen
between initial and baseline (p = 1), initial and immediate training (p = .645), initial and
follow up (p=1), baseline and follow up (p = 1), and immediate training and follow up (p
=1) (Table 49 & Figure 36).

There was a slight improvement (1%) in the mean score of passive ROM of the
less-affected hip flexors from 126.60°+ 9.04° to 128°+ 13.92° at 1 month follow up
(Table 48 & Figure 34). However, the improvement was not statistically significant
(F(1.48, 5.92) = .963, p = .406). Post hoc tests did not reveal any statistically significant
differences on mean score between initial and baseline (p = .258), initial and immediate
training (p = 1), initial and follow up (p=1), baseline and immediate training (p = 1),
baseline and follow up (p = 1), and immediate training and follow up (p = 1) (Table 49 &
Figure 35). The mean score of passive ROM of the more-affected hip flexors, by 1 month
follow up, increased from 122°+ 9.19° to 125.40°+ 9.99°, a 3% improvement (Table 48
& Figure 34). However, the improvement was not statistically significant (F(2.19, 8.75) =
1.09, p = .381). Post hoc tests revealed no statistically significant differences on mean
score between time initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 1), baseline and follow

up (p = 1), and immediate training and follow up (p = 1) (Table 49 & Figure 36).
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Table 48. Mean = SD hip flexion (FX) ROM (deg.) changes prior to and after training

Initial Baseline Immediate  Follow up F df p-
baseline training value
Active (LA) | 110.80+ 110.60+ 115+ 11.26 @ 116.40% 112 | 1.58, .366
hip Fx = 10.03 12.64 9.83 6.33
Active (MA) | 105.60+ 106+ 11.42 | 115.20+ 112+ 7.48 216 | 1.90, .181
hip Fx | 6.26 9.52 7.63
Passive = 122.20+ 126.60+ 125.80+ 128+ 13.92 | 963  1.48, @ .406
(LA) hip Fx | 8.10 9.04 13.64 5.92
Passive = 119.60+ 122+ 9.19 124.40+ 125.40+ 1.09 219, .381
(MA) hip | 8.79 11.26 9.99 8.75

Fx
*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 49. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline and  Baseline Immediate
and immediate and immediate and follow training and
baseline training follow training up follow up
up
Active (LA) | 1 1 1 77 1 1
hip Fx
Active (MA) | 1 .645 1 .029* 1 1
hip Fx
Passive (LA) | .258 1 1 1 1 1
hip Fx
Passive | 1 1 1 1 1 1
(MA) hip Fx

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Mean percentage change of hip ROM score
N

Abduction Adduction Extension Flexion
M Less-affected 9% 21% 30% 21% 13% 18% 6% 1%
B More-affected  36% 16% 56% 28% 61% 30% 6% 3%

M Less-affected M More-affected

Figure 34. Hip ROM improvement chart
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Figure 36. Change of (MA) hip ROM mean score prior to and after training

Ankle Control and Coordination
Data from the Boyd and Graham Selective Motor Control test were analyzed for
all four time points, and the results revealed that the mean score of less-affected ankle
dorsiflexion control increased from 3.20+ .447 to 3.80+ .447 at 1 month follow up, a 20%

improvement (Table 50 & Figure 37). A repeated measures ANOVA revealed a
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statistically significant difference between different time points (F(1.71, 6.85) = 8.50, p =
.016). Post hoc tests did not reveal any statistically significant differences on mean score
between initial and baseline (p = 1), initial and immediate training (p = .097), initial and
follow up (p=.079), baseline and immediate training (p = .423), baseline and follow up (p
=.423), and immediate training and follow up (p = 1) (Table 51 & Figure 38).

By 1 month follow up, the mean score of more-affected ankle dorsiflexion control
statistically increased from 2+ .707 to 2.80+ .837, a 47% improvement (Table 50 &
Figure 37). A repeated measures ANOVA showed a statistically significant difference
between different time points (F(1.55, 6.20) = 16, p =.004). Post hoc tests revealed
statistically significant differences on mean score between initial and immediate training
(p =.023). No significant differences were seen between initial and baseline (p = 1),
initial and follow up (p=.205), baseline and immediate training (p = 1), baseline and
follow up (p = .097), and immediate training and follow up (p = 1) (Table 51 & Figure
38).

Table 50. Mean = SD Boyd and Graham Selective Motor Control test changes prior to
and after training

Initial Baseline Immediate Follow up F df p-
baseline training value
(LA) ankle | 3£.707 3.20+ .447 3.80+ .447 3.80+ .447 8.50 1.71, @ .016*
control 6.85
(MA) | 1.80+.837 | 2+.707 3+ .707 2.80+ .837 16 1.55, | .004*
ankle 6.20

control
*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.

Table 51. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate  and and and training and
baseline training follow up  immediate followup follow up
training
p-value ((LA) | 1 .097 .097 423 423 1
ankle control)
p-value ((MA) | 1 .023* .205 1 .097 1

ankle control)
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*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 37. Ankle control improvement chart
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Figure 38. Change of Boyd and Graham Selective Motor Control mean score prior to and
after training

Ankle Performance
Ankle Performance: Accuracy (distance from target). The robotic data analysis

showed a significant decrease in the distance from the target in the less-affected ankle
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from 17.41 mm % 2.24 mm to 7.21 mm £ 2.06 mm, a 58% decline, and for the more-
affected leg from 25.04 mm £ 8.77 mm to 11.36 mm = 3.32 mm, a 54% decline (Table
52 & Figure 39). A decrease in distance indicates an improvement in the accuracy of the
movement. A repeated measures ANOVA showed a statistically significant difference
between initial and final training sessions for less-affected and more-affected leg
accuracy (F(1, 4) =44.78, p = .003), (F(1, 4) = 28.02, p = .006) (Figure 40).

Ankle Performance: Smoothness (how rough was the patient’s motion). The
results showed a significant decrease in jerkiness of the bilateral (less/more-affected)
legs, from 85.93%z+ 3.96% to 71.53%z 5.20% (17% decline) and 87.79%=z 8.40% to
73.63%= 6.02% (16% decline), respectively (Table 52 & Figure 39). A decrease in
jerkiness indicates an improvement in the smoothness of the movement. A repeated
measures ANOVA showed a statistically significant difference between initial and final
training sessions for bilateral (less/more-affected) leg smoothness (F(1, 4) = 20.29, p =
.011), (F(1, 4) = 13.28, p = .022) (Figure 40).

Table 52. Mean = SD ankle accuracy (mm) and smoothness (%) changes prior to and
after training

Initial session Final session F df p-

value

(LA) ankle | 17.41+2.24 7.21+ 2.06 44.78 14 .003*
accuracy

(MA) ankle | 25.04+ 8.77 11.36+ 3.32 28.02 14 .006*
accuracy

(LA) ankle | 85.93+ 3.96 71.53+ 5.20 20.29 1,4 .011*
smoothness

(MA) ankle | 87.79+8.40 73.63+ 6.02 13.28 1,4 .022*
smoothness

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 40. Change of ankle performance mean score prior to and after training

Balance
The data for the PBS was analyzed for all five subjects at all four time points.

Table 53 illustrates the changes in scores over the course of study.
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Table 53. Change in PBS balance scores prior to and after training

Initial Immediate Percentage changes
baseline Baseline training Follow up (between baseline
Subject (points) (points) (points) (points) and follow up)

1 4 5 14 15 200%
2 50 50 56 56 12%
3 49 50 55 55 10%
4 48 48 54 55 14.4%
5 49 49 52 51 4.08%
Mean + SD | 40420.13 40.40+19.80 |  46.20+18.06 |  46.40+17.65 48%
F 24.30
df 1.04,4.19
P-value <.007*

*, Significant difference pre to post (p<.05).

Subject one improved from 5 to 15 over the course of study, a total change score
of 10. Subject two improved from 50 to 56, a change score of 6. Subject three improved
from 50 to 55, a change score of 5. Subject four improved from 48 to 55, a change score
of 7. Lastly, subject five improved from 49 to 51, a total change score of 2. These scores
indicate meaningful change over time when compared to the minimum detectable change
score of 1.59 and minimum clinically important difference score of 5.83 (Chen et al.,
2012) in CP patients. In general, all participants showed significant improvement in
balance at 1 month follow up, ranging from 4.08%-200% with an overall 48%
improvement in balance score, comparing to the baseline testing. However, there was
greater improvement for the child with baseline balance impairment (BBS < 5; mean
BBS increase of 10 points) (Table 7).

A one-way repeated measured analysis of variance (ANOVA) was conducted to
evaluate the change in scores. The results of ANOVA with a Greenhouse-Geisser
correction determined that the mean balance score differed significantly between time

points (F(1.048, 4.191) = 24.306, p = 0.007) (Table 54).
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Post hoc tests using the Bonferroni correction revealed that the training elicited a
slight improvement in balance score between initial and immediate training (40 + 20.137
t0 46.20 + 18.061), which was statistically significant (p = .031). The results also showed
significant improvement in scores between baseline and immediate training (40.40
19.80 vs. 46.20 = 18.061, p = .024). No significant differences emerged between initial
and baseline (p = 1), initial and follow up (p =.067), baseline and follow up (p = .060), or
immediate training and follow up (p = 1). Therefore, we can conclude that the task-
specific ankle training program (6 weeks) elicits a statistically significant improvement in
balance after 1 week post-training. However, the lack of significance after 1 month
follow up does not mean there was no effect. The means at 1 week and at 1 month follow
up were about the same, but the correlations between time-points made the differences
from one week, but not the differences from one month, statistically significant. Table 54
and Figure 41 illustrate the differences between time-points.

Table 54. Post hoc test showed the difference between time points

Initial and  Initial and Initial Baseline and  Baseline Immediate
baseline immediate and immediate and follow training and
training follow training up follow up
up
p-value | 1 .031* .067 .024* .060 1

*, Significant difference pre to post (p<.05).
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Pretest 1 Pretest 2 test 1 test 2
o Mean 40 40.4 46.2 46.4

Figure 41. Change of the PBS mean score prior to and after training
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2. Activity Level

The results revealed that, for outcome measures in activity level, there were no

significant differences found between pretest one and two.
Gait Mechanics

Velocity. Data from the gait mat analysis were analyzed for all four time points,
and the results showed that the mean velocity increased from 91.92 cm/sec + 12.95
cm/sec to 105.07 cm/sec + 21.42 cm/sec at 1 week post-training. Mean velocity then
declined to 98.51 cm/sec + 27.26 cm/sec at 1 month follow up, a 6% improvement (Table
55 & Figure 42). The more impaired subjects experienced the greatest gains in gait
velocity. A repeated measures ANOVA failed to reveal any statistically significant
difference between different time points (F(2.05, 8.23) = 2.36, p = .154). Post hoc tests
using the Bonferroni correction did not reveal any statistically significant differences on
mean velocity score between initial and baseline (p = 1), initial and immediate training (p
=.660), initial and follow up (p=.326), baseline and immediate training (p = 1), baseline
and follow up (p = 1), and immediate training and follow up (p = 1) (Table 56 & Figure
43). Table 55 shows the summary of the ES statistics for velocity.

Step Length. Mean step length increased from 43.19 cm £11.19 cm to 45.167 cm
+13.67 cm, increasing 4%, at 1 month follow up. Table 55 and Figure 42 depict the
change in mean step length for each time point. A repeated measures ANOVA failed to
reveal any statistically significant difference between different time points (F(1.44, 5.77)
=.903, p =.421). Post hoc comparisons did not reveal any statistically significant
differences on mean step length score between initial and baseline (p = 1), initial and

immediate training (p = 1), initial and follow up (p=1), baseline and immediate training
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(p = 1), baseline and follow up (p = 1), and immediate training and follow up (p = 1)
(Table 56 & Figure 43). Table 55 shows the summary of the ES statistics for step length.
Cadence. Mean cadence increased from 126.15 + 11.53 to 130.51 £ 9.19
steps/min (4% increase) at 1month follow up. Table 55 and Figure 42 show the change in
mean cadence for each time point. A repeated measures ANOVA did not reveal any
statistically significant difference between different time points (F(1.28, 5.15) = 2.139, p
=.207). Post hoc tests using the Bonferroni correction showed no statistically significant
differences on mean cadence score between initial and baseline (p = 1), initial and
immediate training (p = 1), initial and follow up (p=.500), baseline and immediate
training (p = 1), baseline and follow up (p = 1), and immediate training and follow up (p
=1) (Table 56 & Figure 43). For all 5 participants’ velocity, step length and cadence at
follow up became more normal, as compared with reported data in normal velocity, step
length and cadence in young children (Figure 44). Table 55 shows the summary of the ES
statistics for velocity. Table 55 shows the summary of the ES statistics for cadence.
Stance and swing percentage. Mean stance duration decreased from 62.41% +
3.94% t0 61.75% = 3.24%, a 1% decrease, at 1 month follow up. Table 55 and Figure 42
depict the change in mean stance percentage for each time point. A repeated measures
ANOVA failed to reveal any statistically significant difference between different time
points (F(1.04, 4.19) = 1.03, p = .370). Post hoc tests did not reveal any statistically
significant differences on mean stance percentages between initial and baseline (p = 1),
initial and immediate training (p = 1), initial and follow up (p=1), baseline and immediate
training (p = 1), baseline and follow up (p = 1), and immediate training and follow up (p

=1) (Table 56 & Figure 43).
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Mean swing duration increased for both paretic and non-paretic limbs, from
37.38% = 3.80% to 38.23% + 3.24% (2% increase) at 1 month follow up (Table 55 &
Figure 42). A repeated measures ANOVA failed to reveal any statistically significant
difference between different time points (F(1.05, 4.19) = 1.01, p = .374). Post hoc tests
did not show any statistically significant differences on mean swing percentage scores
between initial and baseline (p = 1), initial and immediate training (p = 1), initial and
follow up (p=1), baseline and immediate training (p = 1), baseline and follow up (p
=.296), and immediate training and follow up (p = 1) (Table 56 & Figure 43). Although
the change in mean score did not reach the significant level (p = .370, p = .374), the
stance/swing ratio values moved toward normal for both limbs (Figure 45 & 46). In
general, the more impaired subjects experienced the greatest gains in temporal measures.
Table 55 shows the summary of the ES statistics for stance and swing duration.

Table 55. Mean * SD gait parameters changes prior to and after training

Initial Baseline Immediate Follow F df p- ES
baseline training up value
Velocity | 78.11+ 91.92+ 105.07+21.42 9851+ 2362 205  .154 12
(cm/sec) | 26.01 12.95 27.26 8.23 £
Step | 41.96+ 43.19+ 4548+ 14.73 | 45.16+ .903 144, | 421 7t
length | 11.49 11.19 13.67 5.77
(cm)
Cadence | 103.84+ 126.15+11 | 120.13+17.82 | 130.51+ @ 2.13 1.28, 207 1.03
(steps/min | 33.47 .53 9.19 5.15 L
)
Stance% | 68.55+ 62.41+ 61.98+ 3.75 61.75+ 1.03 1.04, 370  5M
17.59 3.94 3.24 4.19
Swing% | 31.43% 37.38+3.8 | 38.01+3.75 38.23+ 1.01 1.05, 374 5M
17.59 0 3.24 4.19

*, Significant difference pre to post (p<.05).
L ES of .80 or more =large effect

M ES of .50 = moderate effect

S ES of .20 = small effect
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Table 56. Post hoc test showed the difference between time points

p-value Initial

and
baseline
p-value | 1
(velocity)
p-value (step | 1
length)
p-value | 1
(cadence)
p-value | 1
(stance %)
p-value | 1
(swing%)

Initial and Initial
immediate and
training follow
up

.660 .326

1 1

1 .500

1 1

1 1

*. Significant difference pre to post (p<.05).

Mean percentage change of the gait

parameters

7%

6%

5%

4%

3%

2%

1%

0%

B Percentage Changes (between

baseline & follow up)

Velocity Step
(cm/sec) length

(cm)

6% 4%

Figure 42. Gait parameters improvement chart
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Figure 43. Change of gait mechanics mean score prior to and after training
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Figure 44. Comparison of gait mechanics between normal children and children with CP
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Single support percentage. Mean single support duration for the less-affected leg
increased from 34.53% + 13.54% to 41.02% + 2.40%, a 5% increase, at 1 month follow
up while more-affected leg increased from 32.80%z 9.50% to 37.88% + 3.31%, a 12%
increase. Table 57 depict the change in single support percentage for each time point. A
repeated measures ANOVA failed to reveal any statistically significant difference
between different time points for less-affected leg single support duration (F(1.09, 4.35)
=1.21, p =.334) and more-affected leg (F(1.18, 4.75) = .872, p = .416). Post hoc tests did
not reveal any statistically significant differences on mean stance percentages of the less-
affected leg between initial and baseline (p = 1), initial and immediate training (p = 1),
initial and follow up (p=1), baseline and immediate training (p = 1), baseline and follow
up (p = 1), and immediate training and follow up (p = 1). Additionally, there is no
statistical significant differences on mean single support percentages of the more-affected
leg between initial and baseline (p = .607), initial and immediate training (p = 1), initial
and follow up (p=1), baseline and immediate training (p = 1), baseline and follow up (p =
1), and immediate training and follow up (p = 1) (Table 58). The values moved toward
normal (40%) for both limbs (Figure 47).

Table 57. Mean % SD single support % changes prior to and after training

Initial Baseline Immediate Follow up F df p- ES
baseline training value
(LA) leg | 34.53+13. | 39.11+3.4 | 39.67+3.28 41.02+2.40 | 1.21  1.09, .334 @ .522M
single | 54 8 4.35
support%
(MA) leg | 32.80+9.5 | 35.20+7.3 | 36.13+2.10 37.88+3.31 | .872 | 1.18, .416 | .515M
single | O 5 4.75
support%

*. Significant difference pre to post (p<.05).

Note. (LA)= less-affected & (MA)= more-affected.
L ES of .80 or more =large effect

M ES of .50 = moderate effect

S ES of .20 = small effect
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Table 58. Post hoc test showed the difference between time points

p-value Initial Initial and Initial Baseline Baseline Immediate
and immediate and and and training and
baseline  training follow immediate follow up  follow up
up training
p-value (LA) 1 1 1 1 1 1
single
support%)
p-value (MA) | .607 1 1 1 1 1
single
support9%)

*, Significant difference pre to post (p<.05).
Note. (LA)= less-affected & (MA)= more-affected.
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Figure 47. Comparison of Single support % between normal children and children with
CP

Activity Count
EE spent in light and moderate physical activity. The result from the
accelerometer showed no significant increase in EE spent in light physical activity, as
seen by repeated measures ANOVA (F(1.86, 7.45) =.132, p = .866) (Table 59 & Figure
48). Post hoc tests failed to reveal any statistically significant differences between
baseline and immediate training (p = 1), baseline and follow up (p = 1), and immediate

training and follow up (p = 1) (Table 60 & Figure 49). Similarly, there was no significant
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increase in EE spent in moderate physical activity. A repeated measures ANOVA failed
to reveal any statistically significant difference between different time points (F(1.65,
6.63) =.080, p = .894) (Table 59 & Figure 48). Post hoc tests did not reveal any
statistically significant differences between baseline and immediate training (p = 1),
baseline and follow up (p = 1), and immediate training and follow up (p = 1) (Table 60 &
Figure 49).

EE spent in vigorous physical activity. The analysis also failed to show any
significant increase in EE spent in vigorous physical activity. A repeated measures
ANOVA did not reveal any statistically significant difference between different time
points (F(1.16, 4.63) = .366, p = .604) (Table 59 & Figure 48). Post hoc tests showed no
statistically significant differences between baseline and immediate training (p = 1),
baseline and follow up (p = 1), and immediate training and follow up (p = .621) (Table 60
& Figure 49). The analysis also showed that at 1 month follow up the EE spent on light,
moderate and vigorous activities increased by 171%, 180% and 37%, respectively
(Figure 48).

Total EE. The results showed 176% improvement in the mean score of total EE at
1 month follow up, increasing from 2143.48 (kcal/day) + 1974.1(kcal/day) to 2532.16
(kcal/day) + 1487.35 (kcal/day) (Table 49 & Figure 48). A repeated measures ANOVA
failed to reveal any statistically significant difference between different time points
(F(1.73, 6.92) =.091, p = .890). Post hoc tests did not reveal any statistically significant
differences between baseline and immediate training (p = 1), baseline and follow up (p =

1), and immediate training and follow up (p = 1) (Table 60 & Figure 49).
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Table 59

Light
EE
(kcal/
day)
Moderat
e EE
(kcal/
day)
Vigorou
SsEE
(kcal/
day)
Total
EE
(kcal/

day)

. Mean £ SD EE changes prior to and after training

Baseline Immediate Follow up F df p-value
training

829.88+ 1053.42 + 71457  978.64 £518.48 .132  1.86, @ .866

752.73 7.45

1279.90 + 1507.89 £ 992.36 | 1534.78 + .080 | 1.65, @ .894

1206.32 967.26 6.63

33.68+44.53 | 38.51+42.64 18.73+ 14.09 366 | 1.16, @ .604
4.63

2143.48+197 | 2599.83+1703.53 | 2532.16+ 091 | 1.73, | .890

4.10 1487.35 6.92

*, Significant difference pre to post (p<.05).
L ES of .80 or more =large effect
M ES of .50 = moderate effect

S ES of .20 = small effect

Table 60. Post hoc test showed the difference between time points

p_

p-value Baseline and Baseline and Immediate
immediate follow up training and
training follow up
p-value (EE light) | 1 1 1
p-value (EE mod) 1 1 1
value (EE vig) | 1 1 .621
p-value (total EE) | 1 1 1
*, Significant difference pre to post (p<.05).
w 200%
w
o 180%
= 160%
k]
o 140%
)
& 5 120%
L =
O 5 100%
Q9 c
® 2 80%
€ X
& 9 60%
o
@ 40%
Q.
c 20% .
(5]
o 9
= EE (light) EE (mod) EE (vig) Total EE
]
Percentage Changes (between 171% 180% 379% 176%

baseline & follow up)

M EE (light)

EE (mod) M EE (vig) Total EE

Figure 48. Percentage changes of EE (between baseline and follow up)
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Figure 49. Change of energy expenditure mean score prior to and after training

Number of steps. There was a 93% improvement in the number of steps (40772 +
24029.8 to 62893.80 + 19553.9) (Table 61 & Figure 50). A repeated measures ANOVA
failed to reveal any statistically significant difference between different time points
(F(1.54, 6.19) = 2.97, p = .129). Post hoc tests did not reveal any statistically significant
differences between baseline and immediate training (p = .336), baseline and follow up (p
=.306), and immediate training and follow up (p = 1) (Table 62 & Figure 51). Table 61
shows the summary of the ES statistics for number of steps per day.

TAC. There was a 197% improvement in the TAC (1348153.40 + 878892.2 to
1872413 + 517560.1) at 1 month follow up (Table 61 & Figure 50). A repeated measures
ANOVA failed to reveal any statistically significant difference between different time
points (F(1.26, 5.06) = 1.3, p =.322). Post hoc tests failed to reveal any statistically
significant differences between baseline and immediate training (p = .873), baseline and
follow up (p =.929), and immediate training and follow up (p = 1) (Table 62 & Figure

52). Table 61 shows the summary of the ES statistics for TAC.
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Table 61. Mean = SD number of steps and TAC changes prior to and after training

Baseline Immediate Follow up F df p-
training valu
e
Number | 40772+ 24029.83  76692.40+ 62893.80+ 297 154, 129
of steps 35913.27 19553.91 6.19
TAC | 1348153.40+8788 | 2314520.60+1251 | 1872413+ 1.30 | 1.26, | .322
92.25 180.33 517560.17 5.06

*, Significant difference pre to post (p<.05).
L ES of .80 or more =large effect

M ES of .50 = moderate effect

S ES of .20 = small effect

Table 62. Post hoc test showed the difference between time points

p-value Baseline Baseline Immediate
and and follow training and
immediate up follow up
training
p-value (number of steps) | .336 .306 1
p-value (TAC) | .873 .929 1

*, Significant difference pre to post (p<.05).
250%
200%
150%
100%
50%

0%

Mean percentage change of activity

Percentage Changes (between baseline & follow up)
B Number of steps 93%
TAC 197%

B Number of steps TAC

Figure 50. Activity improvement chart
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Figure 52. Change of total activity counts mean score prior to and after training

3. Participation Level

In addition to the accelerometer data presented earlier, which showed improvement in the
participants’ participation level, we used LIFE-H questionnaire to capture changes in
overall quality of life, including changes in communication, community life, education,
employment, fitness, housing, interpersonal relationships, mobility, nutrition, personal
care, recreation, and responsibilities. The results revealed that, there were no significant

differences found between pretest one and two.
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Communication. There was non-significant improvement in the mean score of
communication from 8.99 + 1.08 to 9.52 + .69 (6% improvement) (Table 63), which did
not indicate meaningful change over time when compared to the minimum detectable
change score of 1.52 (Noreau et al., 2004). A repeated measures ANOVA did not reveal a
statistically significant difference between baseline and 1 month follow up (F(1, 4) =
3.39, p =.139) (Table 63 & Figure 53).

Community life. There was non-significant improvement in the mean score of
community life, from 4.66 £+ 5.05 to 6 £ 5.47 (20% improvement) (Table 63), which did
not indicate meaningful change over time when compared to the minimum detectable
change score of 2.17 (Noreau et al., 2004). A repeated measures ANOVA did not reveal a
statistically significant difference between baseline and 1 month follow up (F(1, 4) =
151, p =.717) (Table 63 & Figure 53).

Education. There was non-significant improvement in the mean score of
education, from 7.53 + 1.18 to 8.55 + 1.37, a 14% improvement (Table 63). A repeated
measures ANOVA showed no statistically significant difference between baseline and 1
month follow up (F(1, 4) =5.07, p = .087) (Table 63 & Figure 53).

Employment. There was non-significant improvement in the mean score of
employment, from 2 + 4.47 to 4 + 5.47 (0% improvement) (Table 63). There was a non-
significant difference between baseline and 1 month follow up, as indicated by the
repeated measures ANOVA (F(1, 4) =1, p =.374) (Table 63 & Figure 53).

Fitness. There was non-significant improvement in the mean fitness score, from
8.27 £1.18t09.10 + .66 (12% improvement) (Table 63), which did not indicate

meaningful change over time when compared to the minimum detectable change score of
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3.71 (Noreau et al., 2004). A repeated measures ANOVA did not reveal a statistically
significant difference between baseline and 1 month follow up (F(1, 4) = 3.22, p = .147)
(Table 63 & Figure 53).

Housing. There was non-significant improvement in the mean housing score,
from 8.10 £ 1.98 t0 9.15 + .89 (18% improvement) (Table 63), which did not indicate
meaningful change over time when compared to the minimum detectable change score of
1.56 (Noreau et al., 2004). According to a repeated measures ANOVA, there was not a
statistically significant difference between baseline and 1 month follow up (F(1, 4) =
2.22,p =.210) (Table 63 & Figure 53).

Interpersonal relationships. There was non-significant improvement in the mean
interpersonal relationships score, from 9.91 + .20 to 10 + .00 (1% improvement) (Table
63). A repeated measures ANOVA did not reveal a statistically significant difference
between baseline and 1 month follow up (F(1, 4) =1, p = .374) (Table 63 & Figure 53).

Mobility. There was non-significant improvement in the mean mobility score,
from 7.65 £ 1.20 to 9 £ 2.23 (18% improvement) (Table 63), which did not indicate
meaningful change over time when compared to the minimum detectable change score of
2.85 (Noreau et al., 2004). A repeated measures ANOVA did not reveal a statistically
significant difference between baseline and 1 month follow up (F(1, 4) = 2.27, p = .206)
(Table 63 & Figure 53).

Nutrition. The results showed non-significant improvement in the mean nutrition
score, which did not indicate meaningful change over time when compared to the

minimum detectable change score of 1.93 (Noreau et al., 2004). There was no statistically
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significant difference between baseline and 1 month follow up, based on a repeated
measures ANOVA (F(1, 4) =.000, p =.999) (Table 63 & Figure 53).

Personal care. There was non-significant improvement in the mean personal care
score, from 7.37 + 1.85 t0 8.60 £ .80, a 22% improvement (Table 63), which did not
indicate meaningful change over time when compared to the minimum detectable change
score of 1.30 (Noreau et al., 2004). A repeated measures ANOVA did not reveal a
statistically significant difference between baseline and 1 month follow up (F(1, 4) =
3.34, p =.141) (Table 63 & Figure 53).

Recreation. There was non-significant improvement in the mean recreation score,
from 8.40 £ 1.26 t0 9.10 + 1.01 (9% improvement) (Table 63), which did not indicate
meaningful change over time when compared to the minimum detectable change score of
5.95 (Noreau et al., 2004). Based on a repeated measures ANOVA, there is not a
statistically significant difference between baseline and 1 month follow up (F(1, 4) =
3.86, p =.121) (Table 63 & Figure 53).

Responsibilities. There was non-significant improvement in the mean
responsibilities score, from 8.27 + 2.02 t0 9.15 + 1.05 (15% improvement) (Table 63),
which did not indicate meaningful change over time when compared to the minimum
detectable change score of 1.10 (Noreau et al., 2004). A repeated measures ANOVA did
not reveal a statistically significant difference between baseline and 1 month follow up
(F(1,4) =1.85, p =.245) (Table 63 & Figure 53).

Total score of LIFE-H. The results showed significant improvement in the mean
total score of LIFE-H, from 8.480 + .89 t0 9.10 + .64 (8% improvement) (Table 63),

which indicated meaningful change over time when compared to the minimum detectable
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change score of 0.68 (Noreau et al., 2004). A repeated measures ANOVA revealed a
statistically significant difference between baseline and 1 month follow up (F(1, 4) = 14,
p =.020) (Table 63 & Figure 53). The greatest changes were seen in the personal care
(22%), community life (20%), mobility (18%) and housing (18%) categories (Table 63).
These results were supported by the accelerometer data. Table 63 shows the summary of
the ES statistics for each life domains.

Table 63. Mean = SD LIFE-H categories changes prior to and after training

Baseline Follow up Percentage F df p- ES
Change value
(between
baseline and
follow up)
Communication | 8.99+1.08 @ 9.52+ .69 5.89% 3.39 1,4 | .139 82t
Community life | 4.66£5.05 | 6 +5.47 28.75% 151 14 | 717 25
Education | 7.53+1.18 8.55+1.37 13.54% 5.07 1,4  .087 1t
Employment | 2+4.47 4+ 547 100% 1 1,4 | 374 4553
Fitness | 8.27+1.18  9.10* .66 10% 3.22 14 | 147 80+
Housing | 8.10+1.98 9.15+ .89 12.96% 2.22 1,4 | .210 s
Interpersonal | 9.91+.20 10+ .000 0.90% 1 14 374 -11°8
relationships
Mobility | 7.65+1.20 | 9+2.23 17.64% 2.27 1,4 | .206 s
Nutrition | 8.55+2.06 | 8.55+2.10 0.02% .000 1,4 | .999 -2.95
L
Personal care | 7.37 +1.85 | 8.60 +.80 16.68% 3.34 14 | 141 8t
Recreation  8.40+126  9.10+1.01 8.33% 3.86 1,4 121 87+
Responsibilities | 8.27+2.02 9.15+ 1.05 10.64% 1.85 1,4 | .245 60t
Total score | 8.48+ .89 9.10+ .64 7.31% 14 1,4  .020~ 16t

*, Significant difference pre to post (p<.05).
L ES of .80 or more =large effect

M ES of .50 = moderate effect

S ES of .20 = small effect
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Figure 53. Change of LIFE-H mean score prior to and after training

Adverse Events

No adverse events occurred during the study except for very mild fatigue

following the training, which disappeared once participants returned home.
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CHAPTER V. DISCUSSION

In the last decade, robotic training has been emphasized in the literature as a new
and promising therapy for individuals with neurological conditions. Numerous studies
documents the effectiveness of upper and lower robotic therapy; however, the efficacy of
robot-assisted, task-specific ankle training on children with CP is not well established
(Aharonsona & Krebs, 2012; Fasoli et al., 2008; Fluet et al., 2010; Frascarelli et al., 2009;
Krebs et al., 2009; Patritti et al., 2010; Borggraefe et al., 2010; Meyer-Heim et al., 2009;
Smania et al., 2011). The primary focus of this pilot study was to advance our
understanding of the influence of robot-assisted, task-specific ankle training (anklebot) in
improving deficits across the three domains of the ICF (Body Function and Structures,
activity, and participation) in children with CP. This is the first study of its kind to
examine the influence of anklebot in improving deficits across the three domains of the
ICF in children with CP. This chapter summarizes the study findings, applies results to
the current literature, interprets conclusions, and discusses study limitations and
implications for practice and research.
Aims and Findings

We hypothesized that robot-assisted, task-specific ankle training would improve
Body Function and Structures including: strength, tone, muscle architecture, ROM, ankle
control and performance, and balance in children with CP. We also hypothesized that
enhancements in Body Function and Structures impairments would improve activity,
including gait. Changes at the activity would also potentially influence the subjects’
participation level. Data from two pre-tests and two post-tests were collected and

analyzed to show the impact of this new robotic intervention on the different parameters
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assessed under the three domains of the ICF. The two pre-tests were used to establish the

influence of maturation and any other therapies subjects received prior to the

intervention, while the two post-tests reflect the training and learning (plasticity) effect of

the robot-assisted ankle intervention. The results showed no changes in pre-testing

numbers for any of the outcome measures, indicating the children were not experiencing

noteworthy improvement from usual physical therapy (concurrent care) prior to this

intervention. Therefore, we can attribute the significant betterment in the post-tests to our

intervention. Table 64 summarize the significant study findings.

Table 64. Significant study’s findings org

anized by ICF domain and affected side

ICF Domains

Significant Result

1. Body Function and Less-affected side More-affected side
Structures Strength Ankle: DF, PF, inversion Ankle: DF, PF,
& eversion inversion, eversion
Knee: flexion Knee: flexion
Hip: adduction & flexion Hip: adduction, flexion,
abduction & extension
Spasticity Hamstring Gastrocnemius
ROM Ankle: DF (active & Ankle: DF (active &
passive), PF (active & passive), PF (active &
passive), inversion (active | passive), inversion
& passive) & eversion (active & passive) &
(active & passive) eversion (active &
passive)
Knee: flexion (active)
Muscle TA CSA
architecture
Ankle control Ankle control Ankle control
Ankle Ankle accuracy Ankle accuracy
performance Ankle smoothness Ankle smoothness
Balance PBS
3. Participation LIFE-H Total score

Note: Activity was not included because it was not significant
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Figure 54 illustrates the many potential impairments of the Body Function and
Structures domain that limits activity including walking that children with CP may
experience. In turn, these musculoskeletal impairments and activity limitations restrict the
children’s ability to participate and engage in different societal roles including leisure
activities and education, which can lead to further restrictions in work and family life. It
can result in an ongoing cycle of change where the degradation of one element can
negatively influence other elements within the domain and between domains. In contrast,
positive influence on one or more elements may result in significant improvements within

and between domains.

Health Condition

cp
| \ \
Body Function & Structures Activity Participation
Muscle weakness Inefficient gait (poor endurance Unable to play games with peers
Restricted ROM and slower gait)

Spasticity
Poor balance and coordination
Poor ankle control & performance

Figure 54. Deficits across the three domains of ICF (WHO, 2002)

1. Body Function and Structures Level Changes

In general, since our training targeted this level, participants showed improvement
in most Body Function and Structures outcome measures.

Strength. Children with CP present with lower limb weakness, especially distally,
which is considered the main limiting factor in walking efficiently (Dodd, Taylor, &
Graham, 2003; MacPhail & Kramer, 1995; Ross, Engsberg, & Collins, 2006; Wiley &
Damiano, 1998). It is important to note that muscle weakness outweighs spasticity in
causing the greatest limitations in motor skills in children with CP (Ross & Engsberg,

2007). Weakness is most noticeable in ankle plantar flexors and dorsiflexors, followed by
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the hip abductors and extensors and knee flexors (Damiano, Vaughan, & Abel, 1995; Eek
& Beckung, 2008; Engsberg, Ross, Olree, & Park, 2000; Ross & Engsberg, 2007; Wiley
& Damiano, 1998). Children with CP suffer from weaker dorsiflexors and plantarflexors
by as much as 30%—-35% when compared to children without disability, leading to
inadequate power production during walking (Cioi et al., 2011; Eek, Tranberg, &
Beckung, 2011). Improving the strength of the lower limbs automatically improves motor
function and gait as well as participation in leisure and social events (Damiano & Abel,
1998; Damiano, Martellotta, Sullivan, Granata, & Abel, 2000; Kramer & MacPhail,
1994; McBurney, Taylor, Dodd, & Graham, 2003; Ross & Engsberg, 2007).

Our results showed that actively training participants with robot-assisted ankle
training using high intensity (528 repetitive motions for each ankle per session for 12
sessions) and high specificity (accuracy of motion to displayed targets) led to significant
gains in muscle strength for all five subjects in numerous areas: bilateral ankle
dorsiflexors, evertors, invertors, plantarflexors, knee flexor, hip adductor, hip flexor,
(MA) hip abductor, and (MA) hip extensor. Our findings are consistent with past studies
(Butefisch, Hummelsheim, Denzler, & Mauritz, 1995; Lum et al., 2002; Riener, Nef, &
Colombo, 2005). There was no consensus in the literature regarding the dose of training,
which ranges from 20-60 minutes of two to five times per week for a period ranging
from 2-12 weeks with a total of approximately 560—640 repetitions per session (Boian et
al., 2002; Burdea et al., 2013; Forrester, Roy, Krebs, & Macko, 2011; Forrester et al.,
2013; Jung, Diaz, & Macko, 2014; Krebs et al., 2011; Macko, 2011; Kwakkel, Kollen, &

Krebs, 2008; Swinnen et al., 2014). Although, the participants in our study performed
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less than this recommended amount (528 repetitions per ankle per session twice a week
for 6 weeks), it result in strength changes.

The children sustained their strength gains at follow-up, which may have been
due to the increase in daily activity following training. Posttest and follow up data from
the accelerometer and parents’ report (LIFE-H scores) indicated increases in overall child
activity that likely influenced the maintenance of strength gains seen at the end of the
study. Because we trained both legs, the participants experienced bilateral improvement,
but the improvement was more evident in the more-affected side. Training both legs was
important since one of our desired outcomes was to enhance motor capacity in walking,
which is a bilateral task, it would be inappropriate to train one side only and expect
improved gait outcomes. Additionally, Allen et al. (2000) reported that children with
hemiplegic CP have abnormalities in ankle kinematics in the less affected limb as well as
the more affected limb due to their endeavors to achieve a more symmetric gait pattern.
This makes sense when considering that unilateral motor impairment in children occurs
most often during significant stages of motor development resulting in abnormal motor
coordination bilaterally (Allen et al., 2000). Adequate strength is critical for normal
motor control of gait. The timing and sequencing require a balance in motor activity that
without effective strength will result in other muscles compensating for the weakness
(Brunner & Rutz, 2013; Gage, Schwartz, & Koop, 2009; Inman, Ralston & Todd, 1981;
Perry & Burnfield, 1993).

Activating the correct muscles during the gait cycle enhances walking ability and
efficiency, which in turn could lead to improve participation level (Brunner & Rutz,

2013). Improvement in walking ability was evident by the data from the gait mat
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analysis, which showed a more efficient gait pattern following the training. Further
explanation regarding the impact of strength on gait will be discussed later in the gait
section. Additionally, children with strong muscles usually have stronger ligaments and
tendons, leading to less tendency to fall and better balance (Horlings, Van Engelen,
Allum, & Bloem, 2008).

Spasticity. One of the most common problems among children with CP is
spasticity, which affects joint function and can lead to movement restriction (Flett, 2003).
In our participants, spasticity was noted in the gastrocnemius, which overpowered the
tibialis anterior (causing equinus) and in the hamstring influencing the quadriceps (hip
and knee flexion) (Rodda, Graham, Carson, Galea, & Wolfe, 2004). This imbalance
between the weak antagonists and the spastic agonists can lead to deficits in strength and
ROM resulting in standing posture instability and ambulation restriction (Damiano &
Abel, 1998; Shepherd, 1980; Zarrugh & Radcliffe, 1978). Increasing volitional motor
control and strength in the antagonist may help to reduce spasticity in the agonist and
improve motor function and gait (Fasano, Broggi, Barolat-Romana, & Sguazzi, 1978;
@stensjg, Carlberg, & Vellestad, 2004; Tuzson, Granata, & Abel, 2003).

The findings of this study showed reductions in the spasticity of the bilateral
gastrocnemius at 1 week post-training, and these reductions were even greater at 1 month
follow up. The same results were also seen with the hamstrings; where spasticity declined
at 1 week post-training and continued to decline at 1 month follow up. These results were
significant for the more-affected gastrocnemius (p = .043) and less-affected hamstring (p
=.005). The less-affected gastrocnemius (p = .055) and more-affected hamstring (p =

.058) trended toward significance; however, due to the small sample size (n = 5), they did
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not meet the requirements for significance. The children in our sample mostly came with
higher spasticity in the right gastrocnemius and hamstring; regardless of statistical
significance, the greater changes were seen in the more-affected side likely due to greater
involvement and greater chance for improvement. More-affected gastrocnemius
spasticity dropped 15.2 degrees (showing 72% improvement), while less-affected
gastrocnemius spasticity dropped 11.2 degrees (showing 60% change) at the 1-month
follow-up comparing to baseline. Also, the more-affected hamstring dropped 18.8
degrees (showing 55% improvement), while the less-affected hamstring dropped 10.6
degrees (showing 42% improvement) at the 1-month follow-up. The reduction in
spasticity was complemented by gains in muscle strength of both the TA and quadriceps
for all five children enhancing their motor control and functional capacity. This was
evident by the data from the Boyd and Graham, gait mat, accelerometer, and LIFE-H
data. The results of our study showed significant improvement in antagonist strength
bilaterally and more-affected quadriceps strength. This finding is in line with Lee et al.’s
(2016) study that showed improved strength and decreased spasticity after 30 minutes of
upper limb robotic training, followed by 30 minutes of conventional training, 5 days per
week for 2 weeks. Although Lee et al. used upper limb robotics, the concept of skilled,
highly repetitive training remained the same as in our training. Increased tibialis anterior
strength has been shown to improve dorsal torque of the ankle joint, thus reducing
equinus and improving ankle joint mobility (Park & Kim, 2014). This is important
because if the muscle can stretch, it gains the ability to grow with the surrounding bone
and increases the child’s flexibility, which can potentially decrease the possibility of

deformity (NHS Choices, 2017).
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The improvements in muscle tone were observed on both legs but were greater on
the more-affected side. The participants’ parents’ opinions supported these results, “My
children’s ankles have become more flexible and less dependent on their ankle foot
orthosis (AFO) compared to pre-training.” The decline in muscle tone could benefit
motor skill development such as walking, as evidenced by the improvement seen in the
gait mechanics. Our findings of muscle tone reduction following 6 weeks of robotic
training have similarities to the findings in previous literature (Hesse et al., 2003;
Mirbagheri et al., 2011; Roy, Forrester, Macko, & Krebs, 2013; Selles et al., 2005; Wu et
al., 2011; Zhang et al., 2002) that used similar training programs with individuals with a
variety of physical disabilities.

Muscle architecture. Children with CP presented with smaller muscle size
compared to their typical peers (Barber et al., 2011). Literature emphasized the
importance of muscle size as it relates to force generation and forward propulsion
influencing balance during locomotion (Barber & Boyd, 2016). The literature also
revealed a strong correlation between decreased muscle mass and increased risk of
disability (Janssen et al., 2004).

Diagnostic ultrasound was used to capture muscle architecture parameters,
including cross sectional area (CSA) and muscle thickness (MT), and the pennate angle
(PA) for the bilateral AT, TA, and gastrocnemius muscles. The ultrasound imaging
revealed a change of bilateral CSA of medial gastrocnemius and TA as well as TA
thickness and more-affected AT CSA as a result of the gain in muscle strength and
coordination (Aagaard et al., 2001; Kawakami, Abe, Kuno, & Fukunaga, 1995; Mcnee,

Gough, Morrissey, & Shortland, 2009; Riad, Modlesky, Gutierrez-Farewik, & Brostrom,

144



2012; Toner, Cook, & Elder, 1998; Wu et al., 2011). Unfortunately, these changes were
not significant (except in the less-affected tibialis anterior CSA), which might be due to
the small sample size (n = 5). The significant result in TA CSA could be explained by the
strength results, which showed that, across different muscles, the TA was experiencing
greater a gain in strength at follow up compared to baseline. The majority of our subjects
used an AFO, which supported the weak TA but also restricted its motion, leading to
further weakness (Lairamore, Garrison, Bandy, & Zabel, 2011). By training this muscle
with high-frequency training, the participants were able to gain selective activation of the
TA, hence strengthen the muscle, and became less dependent on the AFO. This was
evident with one participant who was able to switch to a less restrictive bracing system
toward the end of the program. The participant was using a supra malleolar orthotic
(SMO), then switched to a less restrictive UCB shoe insert. By moving to a less
restrictive orthotic system, the participant was able to promote her ability to maintain and
improve upon range, strength, and function gained by the Anklebot. The remaining
participants decreased the amount of time they wore their orthosis, and with a more
intense dose, perhaps they could move to a less restricted AFO or totally cease using the
orthotics.

We attributed the changes in muscle architecture parameters seen in this study to
the changes seen in muscle strength. The literature showed that strength training
stimulates enlargement of the cell due to synthesis of more myofilaments (Haff &
Triplett, 2015). This is consistent with the results of several studies showing that muscle
structure and size are strongly associated with strength (Enoka, 2002; Lieber & Friden,

2000; Pitcher, 2012). The CSA and thickness are also positively correlated with force
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production (Bloomquist et al., 2013; Rosenberger et al., 2017).The greater and thicker the
fiber, the more force it can generate. Even though the robot does not produce any
resistance to movement, the child’s activity resulted in force production and
strengthening that was correlated to changes in muscle architecture.

Additionally, the results of this study showed the CSA of gastrocnemius muscles
in the more affected leg was smaller than that of the less affected leg at follow up. This
was due to the abnormal compensation pattern on the less affected side, which effects the
proximal joints more than the distal and results in ankle kinematics close to the normal
range, hence the difference from the more affected side (Cimolin, Galli, Tenore,
Albertini, & Crivellini, 2007). On the other hand, the results showed that the CSA of the
AT and TA in the more affected leg is larger than that of the less affected leg, which is
contrary to what has been mentioned in the literature. The explanation for the greater size
of the more-affected muscles comparing to the less-affected might be greater
improvement in that side, which was evident from the data from the HHD. The
correlation between CSA and the maximum force produced by the muscle explains why
the more involved leg produces less power than the less affected one (Elder et al., 2003).
The smaller the CSA, the less force produced, which was evident in our data from the
HHD. This is in line with existing evidence showing that the muscle size of the ankle
dorsiflexors (Bandholm, Magnusson, Jensen, & Sonne-Holm, 2009) and plantarflexors
(Elder et al., 2003; Mohagheghi et al., 2007) is smaller in the impaired limbs of children
with hemiplegic CP. On the other hand, a decline on the bilateral Achilles tendon CSA
existed, although muscle volume slightly improved due to training. However, this did not

show a decline in participants’ conditions. On the contrary, the literature showed that
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tendon CSA is not associated with muscle volume, and it does not increase with training
(Fukutani & Kurihara, 2015; Hansen, Aagaard, Kjaer, Larsson, & Magnusson, 2003;
Reeves, Maganaris, & Narici, 2003). Furthermore, the force production comes from the
muscle fiber and not the tendon, and this makes the tendon’s size less important
compared to the muscles.

The literature showed that pennation angle could change in response to physical
inactivity or training such as strengthening practice (Aagaard et al., 2001). This finding is
in line with our results, which showed non-significant changes in PA of the bilateral
gastrocnemius. The change in PA might relate to the change in CSA, which would be
supported by the literature that showed increases in quadriceps CSA were related to the
increase in muscle volume, which had a positive relationship with PA (Aagaard et al.,
2001). As high repetitive training impacts muscle strength and architecture, it leads to
improvement in gait velocity and increased walking efficiency (Bland et al., 2011) as
seen in our study. Literature showed that larger thickness was associated with greater
dorsiflexion during normal walking in the swing phase (Bland, Prosser, Bellini, Alter, &
Damiano, 2011). Bland et al. (2011) further found that a larger pennate angle was
associated with greater dorsiflexion at initial foot contact. They also noted that a larger
CSA was associated with greater dorsiflexion in the swing phase and greater dorsiflexion
at toe-off (Bland et al., 2011). Overall, the literature supports a correlation of improved
motor capacity and increased PA. Although the data in this study for PA was not
significant, the changes were similar to what has been previously reported in the literature
during improved motor performance. The lack of change might related to the training

dose being low.
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Range of motion. Children with CP suffer from restricted ROM, resulting in
impaired function and ability to perform daily activities (Wichers, Hilberink, Roebroeck,
van Nieuwenhuizen, & Stam, 2009). Muscle tightness leads to shortening in muscle-
tendon length, which can restrict ROM and create muscle imbalance (Page, 2012;
Willerslev-Olsen, Lorentzen, Sinkjeer, & Nielsen, 2013). The literature supports the
correlation between ROM and the level of spasticity in children with CP (Hagglund &
Wagner, 2011). This was shown by our pre-testing data, which indicated that our
participants experienced increased muscle tone leading to restriction in lower-limb ROM.
Our training program targeted the ankle joints with high repetitive movement, resulting in
improvement in weaker antagonists. Our program also reduced spasticity in the agonists,
which allowed the child to move his/her ankle through its full ROM, thus improving joint
flexibility and allowing the joints to move more freely throughout the range (Hesse et al.,
2003). The literature support the idea by increasing volitional activity that will lead to
decreases in abnormal tone hence, increase ROM (Nagayama, 2014).

Changes in lower-limb ROM showed significant improvements in the active and
passive ROM of the ankle bilaterally in addition to more affected active knee flexion
which was consistence with previous research (Beretta et al., 2015; Deutsch et al., 2001b;
Hégglund and Wagner, 2011; Selles et al., 2005; Wu et al., 2011; Zhang et al., 2002). All
these studies support our findings of ROM gains bilaterally, especially at the ankle,
following varying doses of robotic training. The improvement seen in ankle ROM, as
measured by the goniometer, was in line with the observation of the progression of
training setup. Across subjects, we initially started the robotic training setup with 25% of

the available range of training where subjects moved through a very short range due to
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the restriction on the ankle. We then progressed at the middle of the training to 50% of
available range, and finally progressed to 100% by the end of training, where subjects
moved through full range of training setup.

Improvement in ROM combined with adequate strength allows children to move
freely and smoothly without stiffness or pain. Additionally, increased dorsiflexion ROM
led to better leg positioning for more effective production and absorption of power during
walking as seen by the improvement in gait parameters following training.

Ankle control and coordination. Evidence showed distal selective motor control is
more impaired than proximal selective motor control in the lower extremities in patients
with spastic cerebral palsy (Fowler, Staudt, & Greenberg, 2010; Ross & Engsberg, 2002),
and the most affected joint is the ankle (Bland et al., 2011). Therefore, targeting the distal
joint with focus training was thought to have a positive effect on many joints in the lower
extremities. Children with CP suffer from poor selective voluntary dorsiflexion muscle
control, which results in dragging their toes during walking; this leads to walking with an
inefficient gait and at high risk of falling (Fowler & Goldberg, 2009; Rodda, Graham,
Carson, Galea, & Wolfe, 2004; Sung & Bang, 2000). Additionally, hemiplegic ankle may
cause asymmetric joint kinetics and kinematics (Carlsd6, Dahl6f, & Holm, 1974; Chen,
Patten, Kothari, & Zajac, 2005; Olney & Richards, 1996; Perry & Davids, 1992) and
poor muscle coordination during mobility (Den Otter, Geurts, Mulder, & Duysens, 2007;
Higginson et al., 2006). Strengthening the muscle decreases the spasticity, thus allowing
for more flexibility to move throughout the ROM actively and building toward a
coordinated, controlled movement, as we saw over the course of the study. The results of

this study document significant improvements in bilateral ankle control (p =.016, p =
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.004). When our participants were asked to selectively dorsiflex their ankles at baseline
testing (pre-test 2), they could not comply, due to the weakness of the TA and spasticity
of the gastrocnemius. Instead, they substituted movement of the toe extensors (extensor
hallucis longus and extensor digitorum longus) or knee and hip flexion. This was evident
by a baseline score of 2 (indicating dorsiflexion achieved mainly by toe extensor with
some TA) for more-affected ankle control and 3 (indicating dorsiflexion achieved by TA
with hip and knee flexion) for less-affected ankle control. At the 1-month follow-up, the
score for more-affected ankle control improved to 3 (indicating dorsiflexion achieved by
TA but with knee and hip flexion). The score for less-affected ankle control improved to
4 (indicating the ability to activate TA to achieve dorsiflexion without any muscle
substitution).

High repetition of our training over a 6-week period helped the children in our
study to isolate movements and decrease the amount of muscle substitution by building
up ankle strength and control in addition to sensory and motor memory of the trained
movements. These findings are consistent with those of Cioi et al. (2011). More evidence
was presented in a study by Wu et al. (2011), where significant improvement was found
in selective motor control (p = .005) following 6 weeks of portable rehabilitation robot
training in children with CP. Similarly, Forrester et al. (2011) documented improvement
of paretic ankle motor control after 6 weeks of robotic feedback training in chronic stroke
subjects. Furthermore, our results are in line with findings by McGebhrin et al. (2012),
who reported improvements in ankle control in the form of increased smoothness,
accuracy, and speed after a single session of ankle robot training in a sub-acute stroke

population.
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In summary, strength, tone, ROM, and coordination work together to create
efficient movement patterns across each joint. When strength is improved, the tone will
drop, which helps muscle to move through the full range without restriction. This then
builds up more control and coordinated movement at the joint. Restriction or dysfunction
at any joint in a closed chain environment affects how each joint works and how other
joints (above and below) function as well. For instance, a restriction in the ankle joint
could lead to immobility (contracture) at the ankle, leading to knee instability, which may
then result in hip dysfunction. Understanding how all these elements work together
through different joints to execute certain movements is vital. Such understanding can
help us choose the most efficient intervention to help these kids be independent in the
most sufficient way.

Ankle performance. During the first few weeks of training, the participants’
performance during sessions was jerky and irregular; participants made fewer successful
attempts throughout the different games played. As they got closer to the last training
session (session #12), the children were better able to perform more successful, faster,
and smoother movements on the robot. This is evident by the significant increase of the
accuracy of bilateral (LA/MA) ankle movement by 58% and 54%, respectively, and by
the increase in smoothness of bilateral (LA/MA) ankle movements by 17% and 16%,
respectively. In addition to the objective data recorded by the robot that showed bilateral
improvements in ankle performance, the researcher’s subjective observation revealed that
as the children mastered the games, the session times decreased; as they improved their
ankle control, they needed less assistance from the therapist to play the games.

Furthermore, reduction of hamstring and gastrocnemius spasticity as well as increased
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ROM of the ankle allowed the children to move their ankles in a more controlled smooth
manner as shown by the robotic intrinsic evaluation. These popup evaluation screens not
only showed us the participants’ performance but also helped us adjust our training
accordingly. Once participants achieved good accuracy and smoothness scores, we
challenged them by increasing the difficulty of the games. This unbiased objective
feedback from the robot helped participants to regulate and self-correct their own
movements during each session. The intermittent feedback has been shown to be superior
to continuous feedback in promoting motor learning (Emmert et al., 2017; Johnson et al.,
2012). Our findings of increase ankle performance were consistent with two studies by
Deutsch et al. (2001a, 2001b) that found ankle robotic training (Rutgers Ankle haptic
interface) improved coordination and task accuracy by up to 100% for children with
musculoskeletal injuries and 45% for adults with stroke. Improvements in ankle
performance following robotic training in adults with strokes and children with CP have
been documented in several research studies (Burdea et al., 2013; Deutsch, Lewis, and
Burdea, 2007; Forrester, Roy, Krebs, & Macko, 2011; McGehrin et al., 2012; Roy,
Forrester & Macko, 2011).

Balance. Balance is crucial to maintain the stability required for all movements,
including walking (Woollacott & Shumway-Cook, 2005). Postural instability and poor
balance are disabling for children with CP because their ability to recover from stability
threats in their surroundings is limited, leading to an increased risk of falling (Woollacott
& Shumway-Cook, 2005). Several factors contribute to poor balance in children with CP,
including spasticity and contractures, reduced ROM (Shumway-Cook, Hutchinson,

Kartin, Price, & Woollacott, 2003), muscle weakness (Horlings, Van Engelen, Allum, &
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Bloem, 2008), impaired muscle-action sequence (Shumway-Cook, Hutchinson, Kartin,
Price & Woollacott, 2003; Woollacott & Shumway-Cook, 2005), poor ankle-eye
coordination, and poor ankle control. Robot-assisted ankle training focused on improving
the majority of these published factors related to poor balance performance. Balance is a
fundamental component to many activities; improvement in balance will extend to other
activities, including walking with more efficient gait (Bohannon, 1989).

The results of this study indicate a significant improvement in balance score for
all participants, with greater improvement for the more involved child (level 11l GMFCS).
In general, improvements in PBS scores were higher than the MDC of 1.59 and MCID
score of 5.83 (Chen et al., 2012). The fifth subject, who had two points change, was the
only exception. This result is consistent with research by Picelli et al. (2012), who
compared the ability to improve balance using robot-assisted gait training in patients with
Parkinson’s disease against traditional therapy. They found that 12 sessions (40 minutes,
three days per week, for three weeks) of robotic training caused gains in patients’ Berg
Balance Scale and Nultt's ratings (Berg: 43.44 + 2.73; Nutt: 1.38 + 0.50) compared to
traditional training (Berg: 37.27 £ 5.68; Nutt: 2.07 £ 0.59). This improvement was
sustained at the one month follow-up. Several other researchers have reported similar
results with post-stroke and CP patients (Deutsch, Latonio, Burdea, & Boian, 200143;
Deutsch, Latonio, Burdea, & Boian, 2001a b; Wu, Hwang, Ren, Gaebler-Spira, & Zhang,
2011; Freivogel, Mehrholz, Husak-Sotomayor, & Schmalohr, 2008). This study,
however, showed improvement to a complex impairment following ankle motor

coordination training in children with CP.
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Balance improvement can be attributed to the improvement seen in tone, ROM,
strength, ankle-eye coordination, endurance, and ankle control. Our participants present
at baseline with tip-toe walking due to spasticity, which led to decreased heel strike
during the stance phase, thus impairing ankle movement necessary for standing balance
(Burtner, Woollacott, Craft, & Roncesvalles, 2007). As such, the results of this study
showed reduction in muscle tone at the ankle, which led to smoother dynamic body
movement and better balance.

The results also showed improvement in ROM, which led to more flexibility
within the joints and thus more controlled mobility in standing and walking. This is
consistent with several studies (Spink et al., 2011; Nakamura et al, 2011; Wuebbenhorst
& Zschorlich, 2011).

The results of the study also revealed gains in muscle strength, which contributed
to improved muscle control to allow for better movement and a decrease in abnormal
postural support. Improved balance reduces the risk of fall and can increase movement
confidence (Horlings, Van Engelen, Allum & Bloem, 2008) which was reported by the
parents. The results also showed gains in hip muscle strength, resulting in better stability
and the ability to balance on one leg, which is important for several daily tasks, including
dressing, walking on uneven surfaces, and stairs (Eek & Beckung, 2008). This was
evident by the increase in single support time following training. Furthermore, ankle
muscle weakness impairs the muscle response sequences wherein the
hamstring/quadricep muscles are activated before the gastrocnemius/tibialis anterior,

leading to poor balance (Shumway-Cook, Hutchinson, Kartin, Price, & Woollacott, 2003;
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Woollacott & Shumway-Cook, 2005). Therefore, improving ankle strength will lead to
more distal to proximal muscle response sequences and better balance in standing.

Additionally, the results showed improvement in the children’s ability to process
and analyze visual information to control and guide the ankles while walking, leading to
better balance. This is evident in the improvement of ankle performance (accuracy and
smoothness) recorded by the robot. Furthermore, the findings of this study showed
improvement in ankle control, which impacts the length of time the child can maintain
the balance.

Balance improvement allows children to move more efficiently and navigate
different environments (e.g. an uneven playground), thus increasing their participation in
sports and leisure activities. Being more efficiently active and involved in play activity
allows children to develop the necessary self-regulation for different daily tasks as well
as friendships and strong social networks. This could impact their self-esteem and their
sense of importance and belonging in their community. Furthermore, improvement in
balance enhances the child’s ability to control their body movement while performing
different tasks, which limits excessive energy expenditure and reduces fatigue.
Additionally, improving balance helps children appropriately adjust their body in
response to threats, which will reduce the risk of fall and injury, thus increasing their
participation in play activity (Shumway-Cook et al., 2003). Gaining better balance will
significantly decrease the recurrence of ankle and knee ligament injuries during daily and
recreational activities (Hrysomallis, 2007), and it will allow children with CP to master
physical activity at the same level as their peers which could encourage them to pursue

team sports and prevent social isolation. It also enhances the child’s ability to carry out
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self-care tasks, thus improving their independence. Having a good balance helps these
children improve their fine motor skills by improving their base and core stability to
support the efficient use of their upper limbs while standing or sitting (Seeger et al.,
1984; McCleneghan et al., 1992).
2. Activity Level Changes

The literature showed that children with CP are less physically active and suffer
from greater activity limitations compared to their peers (Maher, Williams, Olds, & Lane,
2007; Van Zelst, Miller, Russo, Murchland, & Crotty, 2006). Children with CP are only
active 40.2% of the time compared to typically developing peers who are active 49.6% of
the time (Bjornson, Belza, Kartin, Logsdon, & McLaughlin, 2007). Based on the
neuroplasticity principle of “use it or lose it,” if children do not move regularly and suffer
from reduced activity levels, the functioning and brain mapping of these electrical signals
is changed and diminished, decreasing the children’s functional ability and independence
(Kleim & Jones, 2008; Byl et al., 2003) as well as education and employment
(Donkervoort et al., 2007). Additionally, lack of activity leads to osteoporosis (the loss of
bone density) and puts these children at a higher risk of fracture (Henderson, White, &
Eisman, 1998; The United Cerebral Palsy Research Foundation and Educational
Foundation, 1999; Henderson et al., 2002). Activity impairments, including insufficient
walking patterns, will worsen and deteriorate with age; 50% of individuals with CP will
experience a decline in walking ability before their mid-thirties, and 10% will stop
walking entirely (Jahnsen, Villien, Egeland, & Stanghelle, 2004). This emphasizes the
importance of improving activity at a younger age to limit the impact of age-related

changes on their physical impairments.
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Gait mechanics. Children with CP present with inefficient gait patterns (Berger,
Quintern, & Dietz, 1982; Buckon et al., 2001; Winters, Gage, & Hicks, 1987), including
asymmetry between the unaffected and affected leg (Fonseca et al., 2004; Olney, Griffin,
& McBride, 1994), slower gait patterns, and inefficient energy expenditure while walking
compared to their normal developing peers (Abel & Damiano, 1996; Rose et al., 1990). A
major aim of CP rehabilitation is augmenting the recovery of muscle function to improve
walking ability and enhance participation in everyday activities (Gilbertson, 2016).
Gage’s (2004) study illustrated five key requirements for efficient gait: stability in the
stance phase, foot clearance during the swing phase, pre-positioning of the foot during
the terminal swing phase, sufficient step length, and use of less energy while walking.
Prior to our intervention, participants lacked all these key requirements for efficient gait
pattern. Nevertheless, after training domain 1, we were able to change several of these
key gait variables. This result was evident by the transfer effect of training subjects from
sitting to impact gait spatiotemporal parameters, including stepping characteristics,
cadence, and velocity. Notably, our participants, who were mostly classified as level |
GMFCS and walked at a high functional level, showed improvement, illustrating the
possibility of this intervention benefiting high to medium functioning children with CP.
Several factors could contribute to the improvements seen in the gait mechanics,
including improvement in muscle strength, spasticity, coordination, ROM, ankle control,
and balance (Andersson, Grooten, Hellsten, Kaping, & Mattsson, 2003). As a result,
based on phases of recovery in rehab, a patient cannot progress to the functional recovery
level before having adequate strength and ROM to perform the functional activities. Our

intervention provided a new paradigm for treating strength/ROM (among others at this
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domain level), which resulted in improvements in these factors, leading to more freedom
and progression to a better gait pattern.

The common gait pattern of children with CP is characterized by adduction,
excessive ankle plantarflexion, knee and hip flexion resulting from primary weakness in
ankle dorsiflexor, knee extensors, hip abductors, and extensors (Rodda & Graham, 2001).
These characteristics highlight the three important muscles regarding gait: hip abductors,
ankle plantar flexors, and dorsiflexors, which all demonstrated significant increase in
strength at follow-up. Indeed, the literature showed that hip abductors are more related to
function than any other lower extremity muscle group (Ross & Engsberg, 2007). The hip
abductor group is crucial for loading response, and its weakness led to contralateral
pelvic drop and excessive hip adduction during gait, as seen at baseline (Perry & Davids,
1992). However, following training, the more-affected leg showed a 24% increase in hip
abduction strength, which led to better stabilization for effective push-off, resulting in
more efficient and symmetrical gait pattern. Furthermore, the bilateral increase in
dorsiflexor strength helped participants to selectively control the ankle dorsiflexors to
pre-position the foot for heel strike during stance phase and clear the ground during the
swing phase, minimizing the slapping gait pattern that was seen at baseline (Gage, 2004;
Pierce et al., 2004). The bilateral gain in ankle plantar flexor strength impacts the gait
pattern, as they account for 50% of the propulsive force in walking (Gage, 2004).
Stronger plantar flexors helped to control the progression of the tibia over the foot during
the stance phase (Rodda & Graham, 2001). As a result of the strength gains in lower limb
muscles, the participants improved their motor control as seen by the Boyed and Graham

scale, which helped patients to shift their power generation for forward propulsion from
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the hip to the ankle, resulting in less hip and knee compensatory movement during
walking (Rose & McGill, 1998). Enhancing these gait characteristics has been shown to
increase walking efficiency (Gage, 2004; Tugui & Antonescu, 2013). In fact, this finding
was demonstrated in all five subjects in this study. Additionally, weakness of the ankle’s
dorsiflexor and quadriceps muscle (Demura, Demura, Uchiyama, & Sugiura, 2014;
Matsuda et al., 2015), along with spasticity in the plantar flexor muscles, negatively
impacts the step length as seen in the baseline data, resulting in increased energy
expenditure while walking (Ballaz, Plamondon, & Lemay, 2010; Dallmeijer, Baker,
Dodd, & Taylor, 2011). Mean step length and cadence improved at follow-up, and both
became more typical as per reported data in normal step length and cadence in young
children (Dini & David, 2009). Unfortunately, these results were not significant, which is
likely attributable to the small sample size (n = 5) and the fact that we did not directly
train gait. Despite the small sample, all subjects experienced positive gain in the step
length and cadence except for the younger and more-involved child, who did not
experience any change. The lack of change might be attributed to intensity and frequency
of training. The results highlighted large to medium effect size for gait parameters, which
support the idea that change is impactful and clinically noteworthy, even if it isn’t
statistically significant.

The literature showed that a more intense training of 18 sessions of ankle robotics
with 560 repetitions imposed greater improvement in step length and cadence (Forrester,
Roy, Krebs, & Macko, 2011). This corresponds with Cordo et al.’s (2009) study, which
showed greater gains in stride length by 21% and cadence by 14% following a longer

program of 6 months of ankle robotic training as compared to our 6 weeks of training.
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Additionally, improving muscle strength and decreasing antagonistic spasticity can
increase movement efficiency and decrease energy expenditure while walking, resulting
in less fatigue and the ability to walk longer distances. This finding was reported by the
parents who “saw decline in their children’s fatigability throughout the day and ability to
walk further distances following the training.” Moreover, accelerometer data indicated
greater overall numbers of steps and increased activity level, suggesting an increase in
overall energy availability. While we did not directly measure efficiency, parent reports
indicated children were walking with more efficiency during daily tasks. The
improvement that we saw in gait aligns with Gage’s (2004) findings for efficient gait,
specifically stability in the stance phase, foot clearance during the swing phase, pre-
positioning of the foot during the terminal swing phase, sufficient step length, and using
less energy while walking.

Gait asymmetry was affected mainly by the amount of the spasticity in the
gastrosoleus and hamstring (Hsu, Tang, & Jan, 2003) along with the weakness of
antagonists (Damiano & Abel, 1998; Zarrugh & Radcliffe, 1978). Due to this imbalance,
our participant’s relied less on the paretic leg, which shortens the single support phase on
the paretic leg (32%), prolonging the support phase on the less-affected leg (34%).
Additionally, after robotic-assisted training, participants experienced a decline in muscle
tone and gain in muscle strength that resulted in increased muscle coordination (Boyd &
Graham) and the ability to support their body weight and rely on the paretic leg for a
longer period, leading to better symmetry during gait and better control of dynamic
balance (Forrester et al., 2013). Furthermore, the participants’ single support values

following training became closer to that of healthy children (40%). The results also
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showed the mean stance duration decreased to 61, while the mean swing duration
increased to 38. Although the change in mean scores was not statistically significant (p =
370, p =.374), we found a medium effect size indicating clinical significant and a trend
toward a symmetric gait that is more typical of developing peers (60/40) (Dini & David,
2009).

Furthermore, gait speed is primarily influenced by muscle weakness and restricted
ROM of the affected limb (Hsu, Tang, & Jan, 2003); hence, improvement in muscle
strength and ROM impacts the gait speed, which is consistent with several studies
(Bohannon, 1986; Carda et al., 2009; Flansbjer, Downham, & Lexell, 2006; Engsberg,
Ross, & Collins, 2006). Walking velocity was faster in all five participants after training,
showing 6% improvement at the 1-month follow-up. The mean velocity was 99 cm/sec.
following training, only 4cm/sec. slower than their typically developing peers. Deutsch et
al. (2004) conducted a similar intensity of robotic program that targeted the ankle and
found comparable improvement of 11% in velocity. Similar gains in velocity were also
reported by several other studies using robotic interventions targeting lower extremity
bilateral symmetric motion, while our study focused on individual ankle motion
bilaterally (Beretta et al., 2015; Meyer-Heim et al., 2007; Patritti et al., 2010). In fact, our
study is the first to illustrate the impact of distal motor activity training on symmetrical
walking ability in children with neurological motor impairment. In comparison, Krishnan
et al. (2013) reported 30% improvement in walking velocity following 12 sessions of
reduced guidance gait robotic training, greater than what was reported by our study.
Nevertheless, Krishnan et al.’s findings were expected since their program specifically

targeted gait, which was different than our program that focused on the ankle. Not only
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does the structure of training greatly enhance change in velocity but the dosage does as
well. Cordo et al. (2009) used more intensive robotic training for 6 months and
demonstrated greater gains in velocity by 37%, significantly higher than what was
reported by our study. This emphasizes the importance of frequency of the dose to
augment our results, and a logical next step would entail research to investigate varying
doses.

We have anecdotal evidence from parents of participants who indicated their
children had become faster as well as more confident and coordinated while walking. For
instance, these parents noted specifically that their children interacted and participated
more with peers during recreational activities. The mother of the more-involved
participant reported that “her child’s tendency to fall decreased following training, which
gave him the confidence to play baseball.” Although this incident involved only one
child, this report suggests the likelihood that the risk of falling was decreased after
training as a result of improving the velocity and step length, which was also supported
by the literature (Hausdorff, Rios, & Edelberg, 2001). In general, the improvement in
walking ability likely contributed to increased daily activities, as evidenced by the
improvement in activity count measured by the accelerometer and parent reports.

Activity increase. The accelerometer results showed the total EE and the EE spent
on light moderate and vigorous activities increased at the 1-month follow-up. The greater
value of improvement was in EE spent in light and moderate activity. This increase in EE
might be due to children adopting a healthier and more active lifestyle as well as the time
of the year. The post-testing data was collected in winter, when children engage more in

light and moderate activity compared to the vigorous activity, which usually happens in
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the summer. Post-testing was also conducted during the school year, when children
engage in more light and moderate school activity. Improvement in EE tremendously
impacts the quality of life. Spending less energy when walking helps children walk faster
and for longer distances with less fatigue, providing the ability to be more active and
engage in different social activities, which is the ultimate goal of our therapy (Brehm et
al., 2008; Maltais et al., 2001; Rimmer, 2001). Ideally, EE is supposed to decrease as a
sign of improvement, but our participants became more involved in activities following
training, which could explain the increase in EE. This is evident in the questionnaire data
and the increase in step numbers and TAC (Tables 61 and 63; Figures 50 and 53).

Our study showed an increase in the number of steps after training which showed
how children engaged in walking outside the clinic. The findings also revealed an
increase in TAC at the 1-month follow-up compared to pre-training, which showed the
children had become more active—a claim supported by the LIFE-H questionnaire.
Unfortunately, though the findings trend toward significance, they did not reach
significance due to the small sample size (n = 5) but the data has medium to large effect
size indicating a clinical significant change. Nonetheless, even with this small sample, all
participants walked for longer distances and engaged in more activities after training,
with mean increase in the number of steps and activity counts per day of 93% and 197%,
respectively. In addition, all subjects sustained and further increased the improvement at
follow-up except for the less-involved child, who experienced a minor decline at follow-
up. This slight decline may be due to the personality of the child and his interests in

activities that do not require motor activity, such as reading and drawing, in contrast to
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other subjects who were engaged in motor activities that required mobility and
transportation.

No studies were found in the literature regarding activity increase as measured by
the accelerometer after robotic-assisted training, but the literature did show that high
repetitive practice leads to significant increases in use of the more involved limb in daily
activities (Miltner et al., 1999; Taub et al., 1993; Taub, Uswatte, & Pidikiti, 1999).
Additionally, the literature showed that active children are more likely to be active as
adults, which leads to a longer and healthier life (Boreham & Riddoch, 2001). Being
active and engaging in leisure activities is crucial for skill development, socialization, and
enjoying life (Simpkins, Ripke, Huston, & Eccles, 2005). In summary, our findings from
the accelerometer indicate a positive trend toward improving activity counts, which
suggest that gains following skilled ankle robotic training transferred to functional
ambulation in the community and home environment.

3. Participation Level Changes

The impairments at Body Function and Structures level have the potential to
affect the child’s participation level and quality of life (Calley et al., 2012). Participation
is crucial for children because it impacts skills development, social relationships, self-
competence, and overall mental and physical health (Forsyth & Jarvis, 2002; Caldwell &
Gilbert, 2009). Children with CP experienced lower participation compared to their
typically developing peers (Schenker, Coster, & Parush, 2005; Michelsen et al., 2009)
due to restrictions in function and mobility as previously described (Calley et al., 2012;
Tuzun, Eker, & Daskapan, 2004; Vargus-Adams, 2005; Moreau et al., 2016). The

literature showed that children with CP experienced reduced participation in six school
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environments compared to their typically developing peers, including mealtime, toileting,
transitions, transportation, classroom, and playground (Schenker, Coster, & Parush,
2005); therefore, enhanced participation is the main goal of rehabilitation (Flansbjer,
Downham, & Lexell, 2006).

In this study, changes in participation levels were measured using the
accelerometer and LIFE-H questionnaire at baseline (pre-test 2) and the one month
follow-up. The results of this study demonstrated significant improvements in the total
score on LIFE-H questionnaire (p=.020) with marginal improvements in subgroup
scores, including communication (p=.139), community life (p=.717), education (p=
.087), employment (p=.374), fitness (p=.147), housing (p=.210), interpersonal
relationships (p=.374), mobility (p=.206), nutrition (p=.999), personal care (p=.141),
recreation (p=.121), and responsibilities (p=.245). Unfortunately, these improvements
were not significant and clinically meaningful when compared to the p-value and the
MDC (Noreau et al., 2004), except for the total LIFE-H score. Community life, mobility,
personal care, and housing were among the most improved scores on the LIFE-H
questionnaire for all five participants and they have large effect size except for
community life indicating important clinical changes. The changes among these physical
categories connects with the improvement seen in impairments, physical functioning and
mobility (Flansbjer, Downham, & Lexell, 2006). Another explanation for the change seen
in these subgroup scores is the gender balance of our sample. The sample contained a
majority of boys to girls (4:1) which effects the type of activity the children engage in.
The literature showed that boys tend to participate in physical activities, while girls prefer

social activities, which correlates to the majority of changes seen in community life,
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mobility, personal care, and housing domains (King et al., 2009; Law et al., 2006; Maher
et al., 2007). Furthermore, age also impacts the activities in which children choose to
participate. The literature showed that older children tend to participate more often in
community activities compared to younger children (Klaas et al., 2010). Three of the five
participants were nine, ten, and eleven years of age, which helps explains the change seen
in community domain. Although it was not significant, the improvement in recreational
activity participation is important, especially for children, because it helps them build
friendship, develop their identity, enhance competence, and enhance their quality of life
(Majnemer, 2006; McManus, Corcoran, & Perry, 2008). The literature showed higher
levels of activity are associated with greater participation in leisure activities (Kerr et al.,
2007; Kerr et al., 2008; King et al., 2006; King et al., 2009; Law et al., 2004; Majnemer
et al., 2008).

The improvement seen in the questionnaire is supported by the accelerometer data
that showed improvement in activity count. Little evidence was found in the literature to
support changes in participation and quality of life following robotic training. Wire et al.
(2011) conducted a study to investigate the effectiveness of two blocks of six biweekly
training sessions using either robot-assisted body-weight-supported treadmill training
(BWSTT) or unassisted BWSTT for improved quality of life in the multiple sclerosis
population. They found physical component scores improved more in the robot-assisted
BWSTT group as compared to the unassisted BWSTT group (Wire, Hatcher, & Lo,
2011). Cordo et al. (2009) found significant improvement in the sub-scores from their
Stroke Impact Scale (SIS) questionnaire, including mobility (p < .01), and a trend toward

improvement in the ADL (p =.07) category. Similar results were found by Burdea et al.
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(2013), who documented significant improvement in quality of life in children with CP
after 12 weeks of training on the RA CP system. Our subjects experienced similar
improvement in quality of life, which was evidenced by the parent’s report “of decreased
fatigue and increased self-esteem, resulting in greater participation in leisure activity,” in
addition to the progress seen in activities including community life, mobility, personal
care, and housing, as shown by the LIFE-H report. Every gain our participants made
related to body structure and activity level added to the enhancement of the quality of
life, as demonstrated by the increase in their activity counts as measured by the
accelerometer (Table 61). Although not an objective of this investigation, this study
showed evidence of increased subject-compliance and motivation to train due to the
enjoyable quality of the robotic-assisted training and other built-in components, such as
the ability to adjust task difficulty level and the auditory and visual feedback.
Additionally, the participants were excited when challenged with a difficult and new
game once they attained the maximum game difficulty. The literature showed that long
intervention sessions need to constantly introduce new challenges in games with the
pediatric population to sustain participant motivation (Huber et al., 2010). Finding
motivational intervention methods is very important because it is not only increases the
patient's enjoyment with training and compliance, but it enhances their active
participation which is critical for motor learning and improving motor outcomes
(Sakzewski, Ziviani, & Boyd, 2009; Novak et al., 2013; Mirelman, Patritti, Bonato &
Deutsch, 2010). This is consistent with a study that found that three weeks of ankle
robotic training (anklebot) with a high reward (HR) condition tremendously enhanced the

efficacy of robotic training in post-stroke population as compared to a low reward (LR)
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condition (Jung, Diaz, & Macko, 2014). The results showed faster learning curves (p =
0.05), greater step length (p = 0.05), and smoother movements in the HR group which
suggests combining HR with robotic therapy enhances the efficacy of robotics
rehabilitation, thus accelerating the motor learning process to restore function faster. Our
findings are consistent with Britsch et al. (2011), who found that robot-assisted gait
training with VR can improve active participation in children with different neurological
gait disorders. This is further supported by positive results from Colombo et al. (2007),
who found that three weeks of upper robot-aided training promote motivation and
compliance to training in patients with chronic stroke due to the built-in qualities that
include tailored difficulty level to suit each subject’s need and continuous performance
feedback.

In general, all gains among all three domains of the ICF were sustained at the 1-
month follow-up, which supports our hypothesis that robot-assisted, task-specific ankle
training may lead to a learning effect rather than a training effect. But there was some
decline at the 1-month follow-up compared to 1 week post-training, which might indicate
that our training dose is not enough. A higher frequency for a longer period of time might
help to maintain the gain achieved at 1 week post-training.

Limitations

A number of limitations need to be considered before interpreting the results of
this study. The small sample size (n=5) limited the ability to generalize the results. Many
challenges were faced during recruitment that contributed to the small sample size: long
evaluation times, which usually lasted between 60-90 minutes and created a significant

time commitment for the families and children; a lack of participant compensation; and
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limited responses from physicians and therapists regarding the availability of potential
participants. Another limitation is the sample selection because most participants were
highly functioning (level I GMFCS) boys with right hemiparesis who do not represent the
whole population of CP. Additionally, the lack of a control group may be a limiting
factor because we have been unable to compare our training to results following no
training or other treatment, which makes our clinical findings unclear. Although the two
pre-tests provide some insight in this matter, having a control group would cast more
light on the effectiveness of robotic-assisted training. Another limitation is that the two
evaluators were aware of the training protocol, which may have increased researcher bias
and weakened the study. Also, the anklebot’s validity and reliability should be re-
examined for the modified version, as this could be an extraneous variable. Lastly, the
loss of one subject was an important factor considering the already small sample size.
Implication for Practice

The results of this study have revealed many implications for clinical practice,
including information about a promising intervention that makes therapy and learning
easier and more enjoyable for therapists and patients. It also showed the potential of
anklebot intervention which only trained domain 1 to impact the other 2 domains. It also
provides information about appropriate participants for this type of training. Although our
sample is very small (n=5) and only includes children at level I-11l at GMFCS, the results
show that children with lower functioning ability (GMFCS I11) may be better candidates
for task-specific training compared to higher functioning kids because they are less
mobile and more motivated to improve. Of course we need to be cautious to generate this

finding without further investigation using a larger and more diverse sample. The study
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also suggests younger children may have a capacity for improvement through this
training because they are more challenged by the games and their brains possess more
plasticity than older children. This is evidenced by the huge improvement shown in the
participants aged four and five comparing to the older participants. This study also
provides knowledge to families of children with CP to help them make an informed
decision about the most recent and appropriate treatment for their child. Furthermore, the
therapeutic possibilities of this training may go beyond CP patients to other populations
with neuromuscular deficits.
Implication for Future Research

This study has emphasized the need for further research into the use of robot-
assisted task-specific ankle training in the treatment of children with CP. The author’s
recommendations for future research include larger sample sizes and a more
heterogeneous sample that includes children with all level of GMFCS to better generalize
the results of this study to the wider CP population. Also, a need exists for future studies
that consider longer follow-up periods, varying doses and frequency of training, and
comparisons with control and/or traditional therapies. Another suggestion that may
impact the number of participants in future studies is considering scheduling conflicts
(between the researcher and student assistant), the time of year when data is collected
(avoiding summer time because the family will be less committed to the study), and
encouraging participant compensation to increase sample sizes. Additionally, only a few
studies have looked at activity and participation, which emphasizes the need for further
investigation in these domains. Finally, this study neglected to capture qualitative data

from the kids and their parents regarding how these improvements impacted the
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children’s quality of life. Researchers tend to overlook this quality despite this being the
core value of the rehabilitation, qualitative data collection could prove useful in future

studies.
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CHAPTER VI. CONCLUSION

Robot-assisted task-specific ankle training (anklebot) is a new intervention that
possesses great therapeutic promise for the rehabilitation of children with CP. This study
investigated the efficacy of the training on the deficits across the three domains of the
ICF in children with CP. Although the intervention target only Body Function and
Structures, improvement was seen at the other two domains. Finding an intervention that
could impact activity and participation is important because it could decrease the demand
for physical therapy services, thus reducing financial burden on the families of these
children. The study also showed the potential of this new robotic technology in inducing
neuroplasticity and learning effects that exceed the usual training effect of other
traditional therapies. In addition to neuroplasticity, this study introduced an approach
built upon well-known theories, including motor learning and dynamic system theory.
The unique characteristics of the robotics allow children with CP to exercise with high
repetitive movement without feeling fatigued or bored. Additionally, the property of the
robotic to actively assist the subject during training helps reduce the physical load on
therapists. This could enhance the training’s efficiency since therapists focus more on
observing and guiding the patients rather than assisting. This was evident by reducing the
training session time at the end of our program, as the researcher played more of guiding
role rather than assisting participants. Furthermore, this could help therapists see more
patients, which could reduce wait time and enhance the overall efficacy of the physical
therapy. Additionally, the results showed promising potential using robotic assisted
training to improve gait with only one therapist, and this can lead to reduced personnel

costs involved in manual assistance training, which usually requires up to two or three
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physical therapists (Nam et al., 2017). This study use the ICF as a multidimensional
assessment framework to evaluate the current intervention which is important in
determining optimal treatment planning. Furthermore, the study findings support the
proposed technique of intervening distally to impact the proximal joint. The study also
brought up the question of whether a more concentrated dose of training will get these
children out of orthosis and back to normal growth rate. The accelerometer data points us
to the strong potential that robotic assisted training can improve activity counts outside
therapy, which helps maintain gains from therapy and reduces the children dependency
on orthosis, thus increasing their ability to play and participate in recreational activities.
Additionally, the challenge and novelty of the anklebot’s different games improves
patient compliance (up to 100%) and motivation and this resulted in better attention to
performance and more cortical activity. Unlike traditional therapy that contains several
training components, the robotic assistive training proposed by our study provided
participants with a singular focus and few instructions making it easy for children to
process, which contributed to the successful results. Furthermore, it gives hope to more
involved children (levels 11 and 11l of GMFCS) with CP to improve their functional
ability. With further study, the ankle robotic-assisted training has the potential to go
beyond the studied population of CP and could be applied to populations with other

neurological disorders.
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:/iresearchadmin in.edu HumanSubjectshs suidance html.

Az a reminder, IRB approval i: required prior to implementing any changes or amendments in the protecol, regardless of how minor, except to eliminate
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determination.

The study is approved under Expedited Category (1) Category 1: Clinical studies of drugs and medical devices only when condition (a) or (b) is

met (3) Research on drugs for which an imvestigational new drug application (21 CFR Part 312) is not required. (Note: Research on marketed drugs that
significantly increases the risks or decreases the acceptability of the risks associated with the use of the product is not eligible for expedited review.)
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45 CFR 46.101(b)(4). This listing refers only to research that is not exempt.) (6) Category 6: Collection of data from voice, video, digital, or image
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and does not replace any other approvals that may be required. Relevant policies and procedures governing Human Subject Research can be found at:
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immediate hazards to subjects. No changes to the infonned consent document may be made without prior IRB approval.
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The approval period is noted above. Failure to receive nofification from the Human Subjects Office will not relieve you of your responsibility to
ensure compliance with Federal Regulations regarding annual review [as applicable, 21 CF.R. § 56.109(f) and 45 C.F.R_ § 46.109(e)].

You should retain a copy of this letter and all associated approved study documents for your records. Please refer to the assigned study number and exact
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If your source of fanding changes, you must submit an amendment to update your study documents immediately.

If you have any questions or require further information, please contact the Human Subjects Office via email at irb(@iu edu or via phone at
(317)274-8289 (Indianapolis) or (812) 856-4242 (Bloomington).
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Microsoft SharePoint secure site which requires CAS suthentication. This survey is being administered by REEP; please contact us at reep(aiu edu if
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Appendix 2: Consent Form

IRB # 1206008957

A Novel Lower Limb Ankle Robot for Children with Cerebral Palsy and Drop Foot

Your child is invited to participate in a research study to determine the effect of robotic therapy on improving
ankle movement and function m children with Cerebral Palsy. Your child was selected as a possible subject
because he/she 13 between the ages of 4-12 and has a diagnosis of hemiparesis. We ask that you read this form
and ask any questions you may have before agreemng for your child to be n the study.

‘The study 15 bemng conducted by Madaw Alotaibi, PhD Student, Dr. Peter A. Altenburger and Dr. Kyan k.
Cardmal; from the Department of Physical 1herapy at Indiana University, School of Health and Rehabilitation
Sciences.

STUDY PURPOSE

Your child is being asked to participate in this study, which involves robotic therapy to exercise the ankle in
children with CP. The purpose of this research stud\f 13 to test whether robotic therapy that gives repetitive
practice of ankle movements helps to mprove ankle finction and strength in children with CP, which may then
improve overall function and walking. We are asking your child to take part because he/she has limitations in
ankle strength and coordination that can interfere with his‘her functional mobility.

NUMBER OF PEOPLE TAKING PART IN THE STUDY:

If you agree for vour child to participate, he/she will be one of 20 subjects who will be participating in this
research study.

PROCEDURES FOR THE STUDY:
If you agree for vour child to be in this study, your child will do the following things:

If you decide to enroll in the study, you will be asked to make a total of 16 trips to the IU Health
Neurorehabihitation and Robotics Clinic where the study 1s taking place. Four of these visits will be testmg
sessions that will last for approximately 2 hours each. The other 12 visits will be treatment sessions where your
child will work wath the robot to improve his/her ankle function. Ireatment sessions will last for 43-60
minutes. They will be scheduled 2 times per week depending upon availability m the Kobotics Center.

Evaluations:

During testing sessions, your child will participate in 2 clinical evaluation much like therapy evaluations they've
Likely had 1n the past. We wall ask questions regarding your child’s history and will have questionnaires to be
completed. We will perform several tests that will measure strength, range of motion, amount of spasticity and
functional mobihity, which mclude balance and walking. Some of the walking tests will include walkang over a
mat with sensors fo analyze step sequences analysis. Ihese tests will be repeated durng all 4 testing sessions.

Wﬂyl week of the second pre-test testing session, your child will begin robotic treatment. Treatment
sessions will be dentical each visit. When \ our child armves at the Kobotics Climic, lus/her therapist will assist
them m sittng mn a chaur. A plastic footplate will be fitted around your child s shoe. s footplate 1s securely
supported so that no addihonal weight 15 felt by your chuld. Once secured, the anklebot will be calibrated so
that 1t conforms to your child's movement ability. At the mitiation of traming, your chuld will be asked to
control a cursor on a video momtor by moving his/her foot. Each traimng session will consist of 1006
movements ot the cursor that will occur as part of three ditferent fun game activities.

Version Date: 3.25.2016 Page 1 of 4 IRE Study #1206008957
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IRB # 1206008957

RISKS OF TAKING PART IN THE STUDY|

Your child may experience mild fatigue or muscle soreness from the repeated practice of ankle movements
during robotic therapy. Because the robot is a machine capable of independent motion, it is possible that the
robot could accidentally lightly poke or bump your child. Numerous safety precautions have been implemented
to prevent this from occurring, including multiple emergency shut-off switches. The treatment or procedure
may involve risks that are currently unforeseeable.

BENEFITS OF TAKING PART IN THE STUDY:

You should not expect your child’s condition to improve as a result of participating in this research. Benefits of
robotic therapy for children with CP have not been studied yet, and this form of therapy may not be effective with
children. However, potential benefits are that your child may improve the functional use of his’her ankle,

mcluding achieving improved balance and 1mproved walking skills.

ALTERNATIVES TO TAKING PART IN THE STUDY:

The alternative to taking part in this study should you choose not to enroll or to discontinue at a later date is to
discontinue robotic therapy and contmue with your child's typical therapy plan.

CONFIDENTIALITY

Efforts will be made to keep your child’s personal information confidential. We cannot guarantee absolute
confidentiality. The only people who will know that vour child is a research subject are members of the research
team and, if appropriate, your physicians and nurses. No information about your child, or provided by your
child, during the research will be disclosed to others without your written permission, except: if necessary to
protect your rights or welfare, or if required by law.

When the results of the research are published or discussed in conferences, no information will be included that
would reveal your child’s identity. If photographs, videos, or audio-tape recordings of your child will be used
for educational purposes, we will request your written authorization. Participation in this study does not hinge
on your child agreemg to be photographed or filmed.

Organizations that may mspect and/or copy your research records for quality assurance and data analysis
nclude groups such as the study investigator and his'her research associates, the Indiana University Institutional
Review Board or it’s designees, and (as ‘allowed by law) state or federal agencies, specifically the Office for
Human Research Protections (OHRP) Authorized representatives of the Food and Drug Administration (FDA)
may need to review records of individual subjects. As a result, they may see your name; but they are bound by
rules of confidentiality not to reveal your identity to others.

Your child will be assigned an ID number for the study. Only the mvestigators will have assess to the data.
The data will be stored at the Neurorehabilitation & Biomechanics Research Laboratory located within the
Neurorehabilitation and Robotics at [U Health Neuroscience Center. We plan to keep the data and images
(photo & video) up to 5 years. In the unlikely event that somebody unauthorized will look into the data, he/she
will only see your ID number with no names or other identifiers.

Version Date: 3.25.2016 Page 2 of 4 IRB Study #1206008957
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COSTS
There are no added costs to yow'your child associated with participation in the study.

PAYMENT
Neither you nor your child will receive payment for taking part in this study.

COMPENSATION FOR INJURY

In the event of physical injury resulting from your child’s participation in this research, necessary medical
treatment will be provided to your child and billed to you as part of your medical expenses. Costs not covered
by your health care insurer will be your responsibility. Also, it is your responsibility to determine the extent of
your health care coverage. There is no program in place for other monetary compensation for such injuries.
However, you are not giving up any legal rights or benefits to which you and your child are otherwise entitled.

CONTACTS FOR QUESTIONS OR PROBLEMS

For questions about the study or a research-related mjury. contact M 1 Alotaibi IINEEEEEN D Peter
Altenburcer at [N or Dr. Ryan Cardinal at | If you cannot reach the researcher during
regular business hours (1.e. 8:00AM-5:00PM), please call the IU Human Subjects Office at 317/278-3458 or
800/696-2949.

For questions about your child’s rights as a research participant or to discuss problems, complaints or concems
about a research study, or to obtain information, or offer nput, contact the IU Human Subjects Office at
317/278-3438 or 800/696-2949.

VOLUNTARY NATURE OF STUDY

Taking part in this study is voluntary. You may choose to not agree to allow your child to take part or you may
request that your child leave the study at any time. Leaving the study will not result in any penalty or loss of
benefits to which you and your child are entitled. Your decision whether or not to allow your child to
participate in this study will not affect your current or future relations with the Department of Physical Therapy
at Indiana University.

Vergion Date: 3.25.2016 Page 3 of 4 IRE Study 21206008957

Protocol 1206008957 IRB Approved

180



IRE # 1206008957

SUBJECT’S CONSENT
In consideration of all of the above, I give my consent to participate in this research study.

I'will be given a copy of this informed consent document to keep for my records. I agree to take part in this
study.

Subject’s Printed Name:
Subject’s Signature: Date:
(st be dated by the subject)
Printed Name of Perzon Obtaining Conzent:
Signature of Perzon Obtaining Conzent: Date:

1f the study mnvolves children who will be providing their assent on this consent document, rather than on an
assent document, use the following signatures:

Printed Name of Parent;

Signature of Parent: Date:

Verzion Date: 3.25.2016 Page 4 of4 IRE Study #1206008957
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Appendix 3: Assent Form

Study # 1206008957

Indiana University Azzent to Participate in Research |

A Novel Lower Limb Ankle Robot for Children with Cerebral Palsy and Drop Foot

We are domg a research study. A research study iz a special way to leam about something. We are domg this research
study because we are trymmg to find out more about how exercizing with robots and video games might make you and
children like you better, We would like to ask you to be in this research study.

Why am I being asked to be in this research study?

You are bemng azked to be m this rezearch study becauze we think that if you do all of the foot exercizas with the robot, it
can help you move better, and then we can leam how to help other children like vou move better.

What will happen during this rezearch study?

We want to tell vou about some things that might happen if you are i the study. This study will take place right here at
the Robotics Centar by the hospital. Each time you do the exercizes with your feet it will take about 1 to 1 %: hours. You
will come to ze2 us 16 times and do the exercizes on the robot for 12 times.

If vou want to be in thiz study, we will:
1. Azk vou to answer some questions about voursalf. Your parents/zuardians may help you answer the questions

2. Do some tests that are similar to ones vou have done before with vour other therapists

3. Teszt how strong vour leg muscles are

4. Test how far and fast you can walk

3. Test how vour muscles work when you walk and uze special cameras to tell us how your legz move when yvou
walk

6. Have you do exercizes with vour fzet on the robot while playmg video games
Avre there any bad things that might happen during the research study?

Sometimes bad things happen to people who ars in research studiez. These bad things are called “risks”. The bad things
or rizks of being in this study might be that your feet or legs feel tired from doing the exsrcizes. Sometimes the robot
might actually give you a littla push or pull to help you move vour legs around, but it won't hurt atall. And sometimes
the straps that zo around your lazs and might pinch or pull a little bit, but we will make sure thiz doesn’t happen very
often.

Not all of these things may happen to you. None of them may happen. Things may happen that the doctors don't know
about yet. If they do, we will make sure that vou get help to deal with anything bad that might happen.

Are there any good things that might h during the rezearch study?

Sometimaz zood things happen to people who are in rezearch studisz. These good things are called “benafits”. The zood
things or benefits of being m this study might be that you are able to walk and move vour faat and legs better and even do
other things better.

We don't know for sure if you will have any benefits or if you will get better. But we hops to leam somathing that will
help other people someday.
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Will I get money or pavment for being in this research study?

You will not gat any money for being in this research study but vou might get rawards like stickers whan you do a good
Jjob.

Who can I ask if T have any questions?

If you have any questions about thiz study, you can ask your parents or guardians or vour doctor. Also, if vou have any
questions that you didn’t think of now, you can ask us later. Since you will se us a lot on different days, vou can ask us
questions whenever you see us. Or vou can ask i'our Mom or Dad and they can ask us at any time by calling us. The

phone number for Madawa Aletaibs is e phone number for Dr. Ryan Cardinal 1= || NNEGNGN0NT:-
phone number for Dr. Pater Altsnburzear i | A2d the phone number for your therapist at the Robotics
Center 15 317-963-7030.

What if T don’t want to be in the study?
If you don’t want to be in thiz study, you don’t have to be. It 1z up to vou. If you zay you want to be in it and then you
change your mind later, that's ok too. All you have to do is tell us that you don’t want to be in it anymore. No one will be

mad at vou or upzet with you and you won'’t gat in trouble if you don’t want to be in the study. Your doctors will continue
to traat you whether or not you participate m this study.

My choice:

If T write my name on the line below, it means that [ agree to be m this rezearch study. You and your parants will be given
a copy of thiz form after vou have zigned it.

Subject’s Signature Date
Subject’s Nams
Signature of person obtaining azsent Date

Name of person obtaining assent

| Video/Photo Release Signature Of Research Subject Or Legal Representative

We also want to use a video camera during some of your robot sessions to educate people about cerebral palsy
and robotics (perhaps at a school, university, or conference). Signing your name at the bottom means that you
agree to let us take some pictures and videos and to show them. You wall not be reimbursed for the photos or
videotapes.

Version Date: 2.6.2016 Page 2 of 3 IRE Template v09/01/2010
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You don’t need to sign the photo or video release to participate in this robot study. Participation in this study
does not depend on you agreeing to be photographed or video-taped. You and your parents will be given a copy
of this form after you have signed it.

Subject’s Signatare Date
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Appendix 4: Study’s Flyer
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Researchers at Indiana University seek children who have a diagnosis of cerebral palsy for
a research study investigating the effects of Robot-Assisted Ankle training in improving

walking abilities and participation in recreational activities.

Who is Eligible?

¢ Children diagnosed with CP e Have mild spasticity at ankle
* Between 4 & 12 years old e With no fixed confractures
¢ Have adequate cognitive and visual abilities

Qualified Participants Will Be:

o Refereed to Neurorehabilitation and Robotics at the TU Health Neuroscience Center
¢ Scheduled for 4 testing sessions to receive a clinical evaluation
¢ Provided 12 Robot-Assisted Ankle training sessions (2 x week) with 2 trained researchers

our child to participate
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Appendix 5: List of Clinics

Clinic/Therapist

Contact Information

Andrew J. Brown Academy

F

: 317-891-0908

Athletico physical therapy

F
E

: 317-423-3506

IndianapolisMonumentCircle@athletico.com

Avondale Meadows Academy E: kherron@avondalemeadowsacademy.org
Cerebral Palsy Clinic at Riley E: clytle@iu.edu

Hospital for Children

Carolyn Lytle

Children's Therapy Connection F: 317-288-7607

Christel House Academy

: 317-783-4690

Community Hospital Pediatric
Mindy Lewis

: mlewisd@ecommunity.com

Easter Seals Crossroads

: 317-466-2000

Eskenazi Hospital Pediatrics
Christen Kring

. christen.kring@eskenazihealth.edu

Hendricks Regional Health YMCA

: 317-271-7600

IU Health Ball Memorial Hospital
Josh McCormack

: jmccormack@iuhealth.org

IU Health North
Angie Eugenio

: aeugenio@iuhealth.org

Pediatric Physiatrist at St.
Vincent’s/Peyton Manning
Children’s Hospital

Dr. Denise Carpenter

: 317-338-7673

PediPlay

1 317-791-9001

Pediatric Physical Therapist at U
Health
Capi Scheidler

: cascheidler@gmail.com

Physical Therapy and Rehab -
Washington

A Department of Community
Hospital East

1 317-355-1331

Riley Hospital for Children
Michelle Loftin, Physical Therapist

: 317-944-1141
: mloftin@iuhealth.org

School’s Physiotherapist

mim T

. scarneypt@gmail.com
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Clinic/Therapist

Contact Information

Sara Davis

School’s Physiotherapist
Bree Pittman

: Pittman.bree@gmail.com

Stroke clinic, IU Health Physicians -
Riley Child Neurology
Dr.Meredith R. Golomb

1 317-944-3622

St.Vencent Pediatric Center
Erin M. Patterson

: 317-338-3550
: EPATTERS@stvincent.org

St. Vincent Pediatric Therapies
(Carmel)

TI{M T1

: 317-415-5895

St.Vencent Physical Therapy &
Pediatric (Fisher)
Jessica Prothero

m T

: 317-415-9138
: IJXPROTHE@stvincent.org

St. Vincent E: EXKLENE@stvincent.org
Erka Klene

The Children's TherAplay F: 317-872-3234

Foundation

Hillary McCarley, Executive E: hmccarley@childrenstheraplay.org
Director

The Jackson Center F: 317-834-0203

Uindy, Pediatrics E: kmartin@uindy.edu
Kathy Martin

United Cerebral Palsy Association of | F: 317-632-3338

Greater Indiana E: info@ucp.org
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Appendix 6: Evaluation Form

The Effectiveness of Robot-Assisted, Task-Specific Ankle Training

Dutcome Testing Session Pre-test] | Pre-test2 | Post-test | Follow-up

Subject ID: Date of Birth:

Height: Weight:

Diagnosis: Evaluator’s Name:
Age: 4-6 | 69 | 9-12 GMFCS Level: || 11] 1N
Date:

Pediatric Balance Scale Test:

1. SITTING TO STANDING

INSTRUCTIONS: Hold arms up and stand up. Try not to use your hand for support.
() 4 able to stand without using hands and stabilize independently
() 3 able to stand independently using hands

() 2 able to stand using hands after several tries

() 1 needs minimal aid to stznd or stzbilize

() 0 needs moderzate or maximal assist to stand

2. STANDING TO SITTING

INSTRUCTIONS: Please sit down slowly without use of hands.

{ ) 4 sits safely with minimzl use of hands

{ ) 3 controls descant by using hands

() 2 uses back of legs against chair to control descent

() 1sits independently but has uncontrolled descent

() 0 needs zssist to sit

3. TRANSFERS

INSTRUCTIONS: Arrange chair(s) for pivot transfer. Ask the child to transfer one way toward 2 seat with
armrests and one way toward 2 seat without armrests. You may use two chairs (one with and one
without armrests) or 2 bed and a chair.

[ ) 4 able to transfer safely with minor use of hands

NITIALS: SUBJECTID: _ TEST TYPE:
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{ ) 3 able to transfer safely; definite need of hands

() 2 able to transfer with verbal cuing and/or supervision

() 1needs one person to assist

() 0 needs two people to assist or supervise to be safe

4. STANDING UNSUPPORTED

INSTRUCTIONS: Please stand for 30 seconds without holding on or moving your feet.
() 4 able to stand safely for 30 seconds

() 3 able to stand 30 seconds with supervision

[} 2 able to stand 15 seconds unsupported

() 1 needs several tries to stand 10 seconds unsupported

{ )0 unable to stand 10 seconds unsupported

Time in secaAds,
5. SITTING WITH BACK UNSUPPORTED BUT FEET SUPPORTED ON FLOOR OR ON A STOOL

INSTRUCTIONS: Please sit with arms folded on your chest for 30 seconds.
() 4 able to sit safely and securely for 30 seconds

{ ) 3 able to sit 30 seconds under supervision or may require definite use of upper extremities to
maintain sitting position

() 2 able to sit 15 seconds
{ )1 able to sit 10 seconds
{ ) 0 unable to sit 10 seconds without support
Time in 3ecARdS,
6. STANDING UNSUPPORTED WITH EYES CLOSED

INSTRUCTIONS: When | say close your eyes, | want you to stand still, close your eyes, and keep them
closed until | say open.

{ )4 able to stand 10 seconds safely

{ ) 3 able to stand 10 seconds with supervision

() 2 able to stand 3 seconds

{) 1 unable to keep eyes closed 3 seconds but stays steady

{ ) 0 needs help to keep from falling

INITIALS: SUBJECTID: TEST TYPE:
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Time in segands,
7. STANDING UNSUPPORTED WITH FEET TOGETHER

INSTRUCTIONS: Place your feet together and stand still without holding on.

[ )4 able to place feet together independently and stand 20 seconds safely

() 3 able to place feet together independently and stand 30 seconds with supervision
() 2 able to place fest together independently but unable to hold for 30 seconds

() 1 needs help to attain position but able to stand 30 seconds feet together

{ ) 0 needs help to attain position and unable to hold for 30 seconds

Time in gecansds,

8. STANDING UNSUPPORTED ONE FOOT IN FRONT

INSTRUCTIONS: (DEMONSTRATE TO THE CHILD) Stand and place one foot directly in front of the other,
heel to tos.

() 4 able to place foot tandem independently and hold 30 seconds
() 3 able to place foot ahead independently and hold 20 seconds

() 2 able to take small step independently 2nd hold 20 seconds or required assistance to place footin
front, but can stand for 30 seconds.

() 1 needs help to step but can hold 15 seconds
() 0 loses balance while stepping or standing

Time in se5ARAS,
9. STANDING ON ONE LEG

INSTRUCTIONS: Stand on one leg as long as you can without holding on.

() 4 able to lift leg independently and hold 10 seconds

() 3 able to lift leg independently and hold 5-3 seconds

() 2 able to lift leg independently and hold 3-4 seconds

() 1 tries to lift leg; unable to hold 3 seconds but remains standing independently
() 0 unable to try of neads assist to prevent fall

Time in seRRAAS
10. TURN 360 DEGREES

INSTRUCTIONS: Turn completely around in 2 full circle. Pause. Then turn a full circle in the other
direction.

INITIALS: SUBJECT 1D: TEST TYPE:
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() 4 able to turn 260 degrees safely in 4 seconds or less each way

() 3 able to turn 360 degrees safely in one direction only in 4 seconds or less, completes turn in other
direction requires more than 4 seconds

() 2 able to turn 360 degrees safaly but slowly

() 1 needs close supervision or constant verbal cuing
() 0 needs zssistance while turning

Time in secanss,
11. TURNING TO LOOK BEHIND OVER LEFT AND RIGHT SHOULDERS WHILE STANDING

INSTRUCTIONS: Please stand with your feet still, fixed in one place. Follow this object as | move it. Keep
watching it as | move it, but don't move your feet.

() 4 looks behind/over each shoulder; weight shifts include trunk rotation

() 3 looks behind/over one shoulder with trunk rotation; weight shift in the oppsite diraction is to the
level of the shoulder; no trunk rotation

() 2 turns head to look to level of shoulder; no trunk rotation
() 1 needs supervision when turning; the chin moves greatar than half the distance to the shoulder

() 0 needs zssist to keep from losing balznce or falling; movement of the chin is less than half the
distance to the shoulder

12. PICK UP OBJECT FROM THE FLOOR FROM A STANDING POSITION

INSTRUCTIONS: Pick up the shoe/toy, which is in front of your feet.

() 4 able to pick up object safely and easily

() 3 able to pick up object but needs supervision

() 2 unable to pick up but reaches 2-5 cm (1-2 inches) from object and keeps bzlance independently
{ ) 1 unable to pick up and needs supervision while trying

{ ) 0 unable to try/needs assist to keep from losing balance or falling
13. PLACE ALTERNATE FOOT ON STEP OR STOOL WHILE STANDING UNSUPPORTED

INSTRUCTIONS: Place each foot alternately on the step/stool. Continue until each foot has touched the
step/stool four times.

() 4 able to stand independently and safely and complete 8 steps in 20 seconds
() 3 able to stand independently and complete & steps in > 20 seconds

() 2 able to complete 4 steps without assistance, but requires close supervision

INITIALS: SUBJECT 1D: TEST TYPE:

191



The effectiveness of Robot-Assisted, Task-Specific Ankle Training

() 1able to complete 2 steps; needs minimal assist

() 0 needs zssistance to maintain balance or keep from falling/unzble to try
Time in secands,
14. REACHING FORWARD WITH OUTSTRETCHED ARM WHILE STANDING

INSTRUCTIONS: Lift arm to 90 degrees. Stretch out your fingers, make a fist, and reach forward as far as
you can without moving your feet.

[ ) 4 can reach forward confidently »25 cm (10 inches)
[} 3 can reach forward >12 cm (5 inches), safely

{ )2 can reach forward =5 cm (2 inches), safely

{ ) 1 reaches forward but needs supervision

() 0 loses balance while trying/requires externzl support

ITEM DESCRIPTION SCORE (0-4) Seconds
1. Sitting to standing
2. Standing to sitting
3. Transfers
4. Standing unsupported
5. Sitting unsupported
6. Standing with eyes closed
7. Standing with feet together
8. Standing with one foot in front
9. Standing on one foot
10. Turning 360 degrees
11. Turning to look behind
12. Retrieving object from floor
13. Placing alternate foot on stool
14. Reaching forward with outstretched arm
Total Test Score (Maximum = 56)
*** Interpretation: 41-56 = low fall risk 21-40 = medium fall risk 0-20 = high fall risk

INITIALS: SUBJECT iD: TEST TYPE:
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A & P ROM:

Movement Range
Right Left

Ankle Active planter flexion

Active dorsiflexion

Passive planter flexion

Passive dorsiflexion

Subtalar Active inversion

Active eversion

Passive inversion

Passive eversion

Knee Active knee flexion

Active knee extension

Passive knee flexion

Passive knee extension

Hip Active hip flexion

Active hip extension

Passive hip flexion

Passive hip extension

Active hip abduction

Active hip adduction

Passive hip abduction

Passive hip adduction

NITIALS: SUBJECT ID: TEST TYPE
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Hand-held dynamometer for muscle testing of the lower extremities:

Joint/Muscle Force
(Pounds, Newtans or Kilograms)
Right Left
Ankle Darsiflexors
Plantar flexors
Subtalar Evertors,
Invertors
Knee Flexors
Extensors
Hip Flexors
Extensors
Abductor
Adductor
NITIALS SUBJECT ID: TEST TYPE
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Tardieu Scale of Spasticity:

Joint/ Muscle R2 (Passive full range X (Quality of R1 (Angle of catch R2-R1
of motion achieved muscle reaction) | seen at Velocity V3)
when muscle is at rest
and

tested at V1 velocity)
R Gastrocnemius
L Gastrocnemius
R Hamstring
L Hamstring

SCORING KEY FOR QUALITY OF MUSCLE REACTION (X):

0 No resistance throughout passive movement

1 Slight resistance throughout, with no clear catch at 2 precise angle
2 Clear catch at a precize angle, followed by release

3 Fatigable clonus (10secs) occurring at 2 precise angle

4 Unfatigable clonus {>10secs) occurring at a precise angle

5. Joint Immobile

NITIALS: _ SUBJECT ID: TEST TYPE:
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Boyd and Graham Selective Motor Control Test:

loint/ Muscle Grade (0-4)

R Ankle dorsifiexors

LAnkle dorsiflexors

SCORING KEY:
0 Indicates no movement when asked to dorsiflex the ankle
1 Indicates partizl dorsiflexion {using extensor hallucis longus and extensor digitgrum longus)

2 Indicates dorsiflexion achieved using extensor hallucis longus, extensor digitarum, longus znd some
tibizlis anterior activity

3 Indicates dorsiflexion using tibialis anterior activity with hip and/or knee flexion

4 Indicates dorsiflexion achieved using tibialis anterior without hip and knee flexion

INITIALS: SUBJE
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Gait Analysis:
[ The test was performed If Not Explain Why

Accelerometer:
[ Actical Issued Actical No. Check out Date;_

[J Data were Retrieved Exam.Jhg Actical If Not Explain Why

[J Actical Returned Check in Date,

Assessment of Life Habits for Children (LIFE-H for Children):
[0 The Questionnzire Was Given Jg The Subject’s Parents

[ The Questionnaire Was Completed And Returned

INITIALS: SUBJECT ID: TEST TYPE:
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Appendix 7: Robotic Evaluation

The Effectiveness of Robot-Assisted, Task-Specific Ankle Training

|Anklebot Protocol

Game

PF/DF INJEV Combination

Ship

44X3=132 44 44

Race

Soccer

44X3=132 44
44X3=132

Anklebot Measures

R Ankle L Ankle

Robot initiation

PF/DF

INJEV

m

PF/OF

INJEV

@

Robot power

PF/DF

INJEV

@

Dwell time

PF/OF
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IN/EV

Combination

Movement smoothness PF/DF

IN/EV

Combination

- Race

R Ankle L Ankle

Robot initiation PF/DF

INJEV

Accuracy PF/DF

INJEV

Robot power PF/DF

INJEV

Dwell time PF/DF
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INJEV
Movement smoothness PF/DF

INJEV

- Soccer
R Ankle L Ankle

Robot initiation Combination
Accuracy Combination
Robot power Combination
Dwell time Combination
Movement smoothness Combination
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Appendix 8: LIFE-H for Children Form
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Weighted Score

(see formula)
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Appendix 9: Prescreening Form

Neurorehabilitation and Biomechanics Research
Laboratory

IU Health Neuroscience Center

The Effectiveness of Anklebot on Motor Impairments of
Children with Cerebral Palsy

Subject ID:
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Protoco!

. Patients will be refereed to Neurorehabilitation and Robotics at IU Health

Neuroscience Center from physicians, based on functional needs.

. Prescreening will be completed through telephone conversations with the patients’
parents, who have been previously referred to the Robotics Clinic.

. Following prescreening, potential subjects will be scheduled for the testing sessions.
. Subject will be scheduled for baseline outcome testing, conducted 1 month prior to
initial Anklebot training session.

. Subject will be return for the second pre testing session, conducted 1 week prior to
initial Anklebot training session.

. Subject will participate in 12 Anklebot training sessions (2 x week) with 2 trained
physical therapy students within the Neurorehabilitation and Biomechanics Research
Laboratory.

. Following 12' Anklebot training session, subject returns within 1 week for post-
intervention outcome testing.

. Subject returns 1 month following post-intervention outcome testing to participate in
1 month follow-up outcome testing.

Outcome Measures

. Gross Motor Functional Classification System (GMFCS)
. Pediatric Balance Scale (PBS)

. AROM & PROM

a. Ankle plantarflexion/ dorsiflexion (R & L)
b. Ankle eversion/inversion (R & L)

¢. Knee flexion/extension (R & L)

d. Hip flexion/extension (R & L)

e. Hip abduction/adduction (R & L)

. Hand-held dynamometer for muscle testing of the lower extremities
a. Ankle plantarflexion/ dorsiflexion (R & L)
b. Ankle eversion/inversion (R & L)

¢. Knee flexion/extension (R &L)

d. Hip flexion/extension (R & L)

e. Hip abduction/adduction (R & L)

. Tardieu Scale of spasticity

a. Gastrocnemius (R & L)

b. Hamstring (R & L)

SUBJECT 1D DATE:
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6. Boyd and Graham selective motor control test
a. Ankle (R&L)
7. Assessment of Life Habits for Children (LIFE-H for Children)
8. Accelerometer
a. To be given to participants and worn at the 2™ pre-testing session and return
back to lab at the 1 month follow-up outcome testing.

i
ii.
iii.
iv.
V.
vi.

EE spent in light physical activity

EE spent in moderate physical activity
EE spent in vigorous physical activity
Total EE

Number of steps

Total activity counts (TAC)

9. Gait mat analysis

Stance

ol BT 1)

Velocity
Step length
Cadence
Swing time

time

Single support time

10. Aukj,QMLmeasures
a. Performed after each training session

i
ii.
iii.
iv.
V.

Robot initiation (R & L)
Accuracy (R &L)

Robot power (R & L)

Dwell time (R & L)

Movement smoothness (R & L)

11. Ultrasound for Achilles tendon (AT), tibialis anterior (TA) and gastrocnemius muscles

INITIALS: SUBJECT

D DATE:
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Inclusion Criteria Checklist

Protocol Title: The Effectiveness of Robot-Assisted, Task-Specific Ankle Training in Reducing
Motor Impairment and Improving Moter Function for Children with Cerebral Palsy (CP)

Subject ID:

Date of Birth: Date of Evaluation:

Person completing form:

Principal Investigator’'s Name:

Inclusion Criteria Supporting Documentation®

(list each criteria) Yes No (all must be “yes” for eligibility)

1. Subject has a diagnosis of Cerebral
Palsy (Any neurological insult occurring
before, during, or up to 2 years after birth
resulting in a movement disorder)

2. Subject is between the ages of 4 and 12
years

3. Subject has adequate cognitive and
visual abilities to understand and perform
the task

4. Subject has Tardieu spasticity grade less
than or equal to three at ankle plantar
flexor muscles

5. Subject has the ability to independently
stand and walk, with or without
assistance.

6. Subject has level -1l in the Gross
Motor Function Classification System
(GMFCS)

INITIALS SUBJECT ID DATE:
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Exclusion Criteria

{list each criteria)

Yes

Supporting Documentation*

No {all must be “no” for eligibility)

1. Subjectis non-ambulatory

2. Subject has bone instability, open skin
lesions, circulatory problems, cardiac
contraindications to physical activity,
vascular disorders of the lower limbs, or
extremely dispropertionate growth of the
legs.

3. Subject has fixed contractures.

4. Subject has significant visual or hearing
loss.

5. Subject does not have sufficient ability
to follow directions and be cooperative
during a 60-minute evaluation or
treatment sessions.

6. Subject does not have the ability to
reliably communicate discomfort, pain, or
fear during treatment sessions.

7. Subject will not comply with full
protocol.

8. Subject is too small or too large to fit

the Anklebot properly

Subject meets all the inclusion criteria and
did not meet any exclusion criteria.
Therefore, the study’s eligibilities were
confirmed for this subject’s enroliment.

subject can
be enrolled

Yes, ___No, and subject is a screen

failure.

INITIALS: SUBJECT 1D: DATE:
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__Ne, but was enrolled with
IRB's approval and for sponsor’s
waiver.

Please explain if any issues, exceptions, or waivers occur:

INITIALS: SUBJECT ID: DATE:
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MOTOR MILESTONES:
If atypical or delayed, list your child's age at the time of demonstration for the following:

Rolling over: Sitting up: Crawling:

Cruising: Walking:

Other/Comments:

OTHER THERAPIES:

Does your child take any prescription or nonprescription medications? [1Yes [1No If yes,
specify

Does your child currently receive any other therapy services? [Yes [ No

If yes, please list type and where services are provided (or have been previously) as well as the
therapist and the frequency:

Type of service Location Therapist Frequency

NITIALS SUBJECT ID DATE
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