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Blood flow restriction (BFR) training has been advocated as an alternative
approach for improving muscle strength in patients undergoing clinical musculoskeletal
rehabilitations. However, to our knowledge, no evidence examining the effectiveness of
BFR training combined with rehabilitation (R) program on clinical outcome measures in
athletes with CAIl has been found. Therefore, this study aimed to evaluate the effects
of supervised rehabilitation program with and without BFR on muscle strength, cross-
sectional area (CSA), EMG activity, dynamic balance, and functional performance in
athletes suffering from CAIl. A total of 28 collegiate athletes with CAl (male and female)
voluntarily participated in this study. They were randomly assigned either to the BFR+R
(n=14) or the R group (n=14). Both groups underwent a supervised rehabilitation 3 times
weekly for 6 consecutive weeks. The BFR+R group was applied with a cuff around the
proximal thigh at 80% of arterial occlusion pressure in addition to R program, while the R
group received the sham-BFR only. Before and after 4- and 6- week of intervention,
isokinetic muscle strength, CSA, EMG activity, Y-balance test (YBT), and side hop test
(SHT) were measured. The results demonstrated that both BFR+R and R groups
displayed significant improvements in concentric peak torque of hip extensor and
abductor, eccentric peak torque of ankle evertor, increased EMG activities of gluteus
maximus and gluteus medius in all directions, fibularis longus in posteromedial and
posterolateral directions, and tibialis anterior in anterior directions during performing YBT,
along with improved SHT timed performance over a 6-week intervention, compared with
baseline (all, P<0.05). In addition, the BFR+R group produced superior benefits over the R
group forall above variables examined. Nevertheless, there were non-significant
differences in reaching distances and COP measures observed between groups during post-
intervention. The present finding indicated that including BFR training to traditional
rehabilitation over 6 weeks appears to be more effective in improving muscle strength,
CSA, muscle activation, and functional performance, but does not further enhance dynamic
postural balance, compared with the tradition rehabilitation alone. This information could
be alternative implications for physical therapists and sports medicine practitioners when
designing rehabilitation program for athletes with CAL.
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CHAPTER |
INTRODUCTION

1.1 Background

Ankle sprains are common sports-related injuries experienced by various athletes
and is one of concerns in sports medicine and rehabilitation (Morrison & Kaminski,
2007; Valderrabano et al., 2006). It is estimated that up to 40% of athletes can
develop chronic ankle instability (CAI) after an initial ankle sprain. CAIl is well
characterized by repetitive episodes or perceptions of the ankle giving way. The
hallmark of symptoms include pain, muscle weakness, decreased ankle range of
motion (ROM), and diminished self-reported function as well as recurrent ankle
sprains that persist for more than 6 months after the initial injury. Currently, the
aetiology of CAl is not clearly understood. CAl can be divided into mechanical ankle
instability (MAI) and functional ankle instability (FAI). MAI frequently occurs as a
result of impaired arthrokinematics, pathologic laxity, synovial changes, and
development of degenerative joint disease, while FAI is more common and resulting
from lateral ligament injury which can negatively affect the neuromuscular system,
leading to impaired postural control during functional tasks. This alteration also
affects the ability of sensorimotor to shift motor control at the supraspinal level with
abnormal of proprioceptive receptor (Doherty et al., 2016; Kobayashi & Gamada,
2014; Munn et al., 2010).

At present, there is no universal method for treating CAl. Although a surgical
treatment has been documented to be effective for treating mechanical instability, the
conservative treatment can be useful for functional ankle instability (FAI). In
addition, other training methods including the balance training, strengthening
exercise, stretching exercise, plantar massage, and mobilization are commonly used
by physical therapists (Hale et al., 2007; McKeon & Wikstrom, 2018; Shih et al.,
2018). Nevertheless, the traditional rehabilitation program has a limitation for which
a heavy load or resistance could not be applied, otherwise it can cause pain and
recurrence injuries (Boudreau et al., 2007). Accordingly, they may not fully activate

muscle contraction and metabolic stress, which provide an important signal for



increasing muscle hypertrophy and strength (Boudreau et al., 2007). Thus, searching
for a new rehabilitation program that optimizes muscle activations and adaptations
and requires a short duration of training program (time efficient) is particular
important for managing athletes with CAI.

Blood flow restriction (BFR) training has received increasing attention as a
novel training method in athletes and rehabilitation settings over the past years. More
Specifically, BFR with low load resistance exercise at 20-30% of one repetition
maximum (1 RM) for 2 weeks has been reported to enhance muscle strength and
hypertrophy (Scott et al., 2016). Furthermore, BFR training was widely used for
rehabilitation in patients with post-operative, such as anterior cruciate ligament
reconstruction, knee arthroscopy, and Achilles tendon rupture including patients with
non-operative musculoskeletal deficits, e.g., patellofemoral pain syndrome, knee
osteoarthritis, and chronic ankle instability (Fujita et al., 2007; Gundermann et al.,
2012). For examples, BFR training have significantly improved strength of
quadriceps muscle and functional return to activities in patients with knee arthroscopy
(Tennent et al., 2017). In contrast, BFR training (130-180 mmHg) in athletes with
ACLR elicited no significantly difference in quadriceps CSA compared to the control
group (lversen et al., 2016). In a more recent study, Slysz et al. (2016) showed that
BFR training at 180 mmHg (80% of the limb occlusion pressure (LOP)) combined
with 30% of 1RM in patients with Achilles tendon rupture can improve plantarflexor
muscle strength, facilitated return to running, and ambulated without assistive
devices. Moreover, Patients with CAl demonstrated greater peroneus longus and
tibialis anterior muscles activation during submaximal isometric resistance exercise
with BFR than control (Lauver et al., 2019).

Although the mechanism underlying this BFR training-induced muscle
hypertrophy is not fully understood, the activation of the mTORC1 and its signalling
molecules is thought to be a major pathway responsible for increasing muscle protein
synthesis. In addition, the proliferation and incorporation of myogenic satellite cells
can lead to increased myocyte content. BFR training can also improve remote muscles
strength through increasing the amplitude of motor evoked potential which in turn
alters motor output to occlude area in distal (Patterson & Ferguson, 2010; Patterson &

Ferguson, 2011). For this end, it was purported that during distal occlusion, proximal



gains may result from fatigue of musculature below the cuff and recruitment of
synergistic proximal muscles, a backflow effect into musculature above the area of
restriction (gluteal muscle), which helps maintain pelvic stability and control femur
movement for results positioning of the ankle and foot. (Dankel et al., 2016;
Madarame et al., 2008). In addition, the occlusion of proximal arm or thigh lead to
enhance EMG activity from higher threshold motor units and muscle fibers
recruitment and muscle hypertrophy via hypertrophic mechanisms, resulting in
augmented muscle growth (Abe et al., 2012).

Given BFR training has been shown to be effective in improving in muscle
strength in athletes undergoing clinically musculoskeletal rehabilitation; therefore, it
can be used as an alternative strategy to treat postural control and functional deficits
related to CAI (Faltus et al., 2018). However, to our knowledge, no evidence on the
efficacy of BFR training combined with rehabilitation program on muscle strength,
cross sectional area (CSA), dynamic balance, and functional performance in athletes
with CAIl have been found. Thus, the aim of this study was to determine the
effectiveness of BFR training combined with rehabilitation program on strength,

muscle activation, balance, and functional performance in athletes with CA.

1.2 Research questions
1.2.1 What were the effects of supervised rehabilitation program with and
without BFR training on muscle strength, muscle cross-sectional area in
athletes with CAI?
1.2.2 What were the effects of supervised rehabilitation program with and
without BFR training on EMG activity, dynamic balance, and functional

performance in athletes with CAI?

1.3 Research Objective
1.3.1 To determine the effects of rehabilitation program with and without
BFR training on muscle strength and CSA, electromyography (EMG)
activity, dynamic balance, and functional performance in athletes with

chronic ankle instability



1.3.2 To compare the effects of BFR training combined with rehabilitation
program on muscle strength and CSA, EMG activity, dynamic balance,
and functional performance with those of traditional rehabilitation

program in athletes with chronic ankle instability.

1.4 Research Hypotheses

This study hypothesized that an inclusion of BFR training to traditional
rehabilitation program would have additional benefits for improving muscle strength,
CSA of muscle, muscle activation, dynamic balance, and functional performance

compared with the rehabilitation program alone.

1.5 Scope of this study
1.5.1 Collegiate athletes with CAl (e.g. rugby, football, volleyball, handball
and basketball), aged between 18-23 years, from Burapa University,
Chonburi province, Thailand.
1.5.2 Outcome measurements
1.5.2.1 Independent variables
- Blood flow restriction training
- Supervised rehabilitation program
1.5.2.2 Dependent variables
- Hip isokinetic strength
- Ankle isokinetic strength
- CSA of muscle
- EMG activity of the hip and ankle muscles
- Dynamic balance
- Center of pressure measures

- Functional performance (the side hop test)

1.6 Definitions used in the thesis
1.6.1 Chronic ankle instability is an encompassed term, which consists of

feeling the ankle giving way during walking or doing other activity, with



1.6.2

1.6.3

1.6.4

1.6.5

the residual symptoms become even worsen after 6 months (Chan et al.,
2011).

Blood flow restriction training is a training or rehabilitation method of
constricting vessels by using an inflatable cuff in order to maintain
arterial inflow with occluding venous return during exercise. This
training strategy specifically aimed to improve muscle strength and
hypertrophy.

Supervised rehabilitation program is referred to as a primary mean of
managing the ankle sprain condition and preventing re-injury. These
programs comprise the strengthening exercise, the stretching exercise,
and neuromuscular training (Hale et al., 2007).

Balance is defined as the ability to stay upright or stay in the control of
body movement. Two types of balance exist: static and dynamic
balance. Static balance is referred to an ability to maintain equilibrium
during a stationary, while dynamic balance is defined as an ability to
maintain equilibrium when moving.

Functional performance is defined as the functional ability of patients
with suspected CAIl. There are many methods for assessing function
deficits related to CAl, including side hop test, timed hop test, multiple
hop test, and single hop for distance.

1.7 Expected benefit

The results of this study could help physical therapists and practitioners in

developing and designing an effective rehabilitation program for managing athletes

with CAL.

1.8 Conceptual framework

CAl is among the common sport-related injuries experienced by various

athletes. CAI is frequently associated with deficits in postural control (balance),

muscle strength, and neuromuscular control. BFR training is a novel training strategy,

which can increase strength and hypertrophy. However, to our knowledge, little is

known about the efficacy of BFR training in combination with rehabilitation program



in treating and managing athletes with CAIl. Thus, the aim of this study was to
determine the effectiveness of BFR training combined with traditional rehabilitation
program on neuromuscular function, dynamic balance, and functional performance in
athletes with CAL.

Athletes with Chronic
ankle instability

| X !

| Mechanieal instability Functional instability
l -” -”
EFF. training S vl Eehabilitation

—*|  Synovial changes {80% of LOP) program

_'| Pathologic laxity —» MMuscle weakness

¥ Impaired arthrokinematics | Decrease of CSA

—+ Degenerative joint | Decrease of EMG activity
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Figure 1 Conceptual framework



CHAPTER Il
LITERATURE REVIEW

This study aimed to find out the efficacy of BFR training combined
with supervised rehabilitation program on neuromuscular function, balance,
and functional performance in athletes with CAIl. The important knowledge
and relevant information were reviewed as follows;

2.1 An overview of chronic ankle instability

2.2 Anatomy of the ankle

2.2.1 Bone anatomy of the ankle

2.2.2 Ligamentous anatomy of ankle

2.2.3 Functional Anatomy of ankle joint
2.2.4 Muscles and tendon in ankle instability
2.2.5 Aetiology and risk factor

2.2.6 Innervation in ankle joint

2.3 Mechanism and pathology of ligamentous injury

2.4 Prevalence of chronic ankle instability in athletes

2.5 Aetiology and risk factor

2.5.1 The intrinsic factors
2.5.2 The extrinsic factors
2.6 Models of CAI
2.6.1 Primary tissue injury
2.6.2 Pathomechanics of chronic ankle instability
2.7 Diagnosis of chronic ankle instability
2.8 Treatments
2.8.1 The principle and effects of open and close kinetic chain
exercises
2.8.2 The principle and effects of neuromuscular training
2.8.3 The principle and effects of BFR training
2.8.4 Side effects and safety considerations for the use of BFR

training



2.9 The measurement of muscle strength
2.9.1 Hand-held dynamometers (HHDs)
2.9.2 Isokinetic dynamometers (1Ds)

2.10 The measurement of muscle hypertrophy
2.10.1 Magnetic resonance imaging (MRI)
2.10.2 Ultrasonography (US)

2.11 Electromyography (EMG) activity

2.12 The measurement of balance

2.12.1 Star excursion balance test (SEBT)
2.12.2 Y halance test (YBT)

2.12.3 Biodex Balance System (BBS) test
2.12.4 The force platform

2.13 The measurement of functional performance

2.1 Anoverview of chronic ankle instability

Lateral ankle sprain is one of the most common of sport-related injuries, which
subsequently leading to chronic ankle instability (CAI). Typically, the termed CAIl is
defined as the ankle giving way, occurring during walking or doing other activity,
with the symptoms are getting worse for longer than 6 months (Chan et al., 2011).

The impaired development and activity limitation are independent of the
severity of the initial injury and are not confined to the injured limb. In fact, the
contralateral ankle of 85% of people could lead to the development of CAIl after
unilateral sprain (Konradsen, 2002). However, the incidence rate is not well
understood about the progression of an ankle inversion injury to CAl, which will
result in up to 40% of ankle sprain (Chan et al., 2011).
2.2 Anatomy of the ankle
2.2.1 Bone anatomy of the ankle
The ankle comprises the articulation of tibia, fibular, and talus which is

composed of 3 articulations: the talocrural joint, the proximal tibiofibular, and the
distal tibiofibular joint (Figure 2).
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Figure 2 Structural organization of the ankle joint
(Neumann, 2010)

This articular surface may be extended into the groove separating and
from the anterior surface of the shaft. Medially or laterally are facets that articulate
with corresponding the talar facets in extreme dorsiflexion (Hintermann, 1999).

The distal tibiofibular joint is between the rough, medial convex
surface on the distal end of the fibula, and the rough concave surface of the fibular
notch of the tibia. The joint is generally considered a syndesmosis (Moore et al.,
2006).

2.2.2 Ligamentous anatomy of ankle
2.2.2.1 Lateral ligaments

The lateral ligamentous complex is composed of three
parts: the calcaneofibular ligament (CFL), the anterior talofibular ligament (ATFL),
and the posterior talofibular ligament (PTFL) (Figure 3).

The ATFL, it is the ligament most often involved in
inversion ankle sprains which runs almost horizontally during anatomical position
(Moore et al., 2006). However, when the foot is inverted, the ligament comes under
sprain and is vulnerable to injury (Kumai et al., 2002).

The CFL has taut between the inferior part of the lateral
malleolus to the calcaneus and runs in a slightly posterior oblique direction toward the
heel. This ligament has angle between the anterior talofibular ligament and the
calcaneofibular ligament that is important for the ankle stability (Moore et al., 2006).

The PTFL constitutes the posteromedial side of lateral
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malleolus and attaches to the lateral tubercle of the talus. It stabilizes talus within the

mortise that limited excessive abduction of the talus during fully ankle dorsiflexion
(Neumann, 2010)

Lateral view
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Figure 3 Lateral ligaments of the talocrural joint
(Neumann, 2010)
2.2.2.2 Medial ligaments

The deltoid ligament on the medial side is formed by
three main fibers namely the tibionavicular, tibiocalcaneal, and tibiotalar (strengthen

in the medial ligaments). The tibionavicular fibers can be part of the deltoid ligament.

In addition, the tibiocalcaneal fibers and the tibiotalar fibers form a superficial layer
(Figure 4) (Moore et al., 2006; Neumann, 2010).

Medial view
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tendon (ocut) (spring) Ligarment

Figure 4 Medial ligaments of the talocrural joint

(Neumann, 2010)
Table 1 Movements that stretch the major ligaments of the ankle

Ligaments Crossed joints

Tibiotalar fibers Talocrural joint

Movements that stretch

Eversion, dorsiflexion with

associated posterior slide of talus
within mortise
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Tibionavicular fibers Talocrural joint Eversion, plantar flexion with
associated anterior slide of talus

within mortise

Tibiocalcaneal fibers Talocrural joint and | Eversion

subtalar joint

Anterior talofibular Talocrural joint Plantar flexion with associated
ligaments anterior slide of talus within the

mortise, inversion, adduction

Calcaneofibular Talocrural joint Dorsiflexion with associated
ligament posterior slide of talus within the

mortise, inversion

Posterior talofibular | Talocrural joint Dorsiflexion with associated
ligament posterior slide of talus within the

mortise, abduction, inversion

2.2.2.3 Inferior tibiofibular joint ligaments
The interosseous membrane has three ligaments: the

interosseous tibiofibular ligament, the anterior tibiofibular ligament, and the posterior

tibiofibular ligament which are presented at the joint between the distal tibia and the
fibular (Moore et al., 2006) (Figure 5,6)
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Figure 5 Posterior view of the right ankle region showing the interosseous
tibiofibular ligament and posterior tibiofibular ligament
(Neumann, 2010)
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Figure 6 Anterior-lateral view of the right distal tibiofibular joint showing the
anterior tibiofibular ligament and posterior tibiofibular ligament
(Neumann, 2010)

2.2.3 Functional Anatomy of ankle joint
The ankle joint is composed of three articulations; the talocrural
joint, the subtalar (talocalcaneal) joint, and the distal tibiofibular joint that are critical
to allow coordinated movement of rearfoot. This motion is typically occurred in
plantar flexion-dorsiflexion, inversion-eversion, and internal rotation-external rotation
(Guermazi et al., 2016). However, this motion does not occur in isolation in each
plane, but requires coordinated movement of three joints. Rearfoot motion comprises
talocrural and subtalar joints, which have oblique axes rotation, so coupled rearfoot
motion is pronated and supinated movement (Rocka, 1995).
2.2.3.1 Anatomy of talocrural joint
The structure of this joint is hinge joint when in
isolation and allows the movement of plantar flexion and dorsiflexion. Additionally,
the sagittal plane is primarily isolated movement of talocrural joint (Lundberg et al.,
1989). The tibia moves anteriorly on the fixed talus during weight bearing which
occurs during closed kinetic chain dorsiflexion. The fully loaded of the ankle complex
is major stabilizers against excessive talar rotation and translation of articular surfaces
(Figure 7).
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Figure 7 The axis of rotation and osteokinematics at the talocrural joint.
(Neumann, 2010)

The talocrural joint is supported by joint capsule and
several ligaments, posterior talofibular ligament (PTFL), calcaneofibular ligament
(CFL), the anterior talofibular ligament (ATFL), and deltoid ligament. Lateral aspect
of the ankle is supported by ATFL, PTFL, and CFL, whereas the deltoid ligament
provides medial support (Stormont et al., 1985).

ATFL prevents anterior displacement of the talus
from the mortise and excessive inversion and internal rotation of the talus on the tibia
(Cass & Settles, 1994).

The CFL extends from the lateral malleolus
posteriorly and inferiorly to the lateral aspect of the calcaneus which CFL limits
excessive supination of subtalar joint and talocrural joint. In addition, the CFL
restricts excessive internal rotation and inversion of the rearfoot, which is the most
taut during the ankle dorsiflexion (Attarian et al., 1985).

The PTFL courses from the lateral malleolus
posteriorly to the posterolateral aspect of the talus in which it inserts to the talus and
fibula and provides restraint to both inversion and internal rotation of the loaded
talocrural joint (Stormont et al., 1985).

2.2.3.2 Anatomy of subtalar joint
The subtalar joint is formed by the talus and the

calcaneus which converts torque between the lower leg and the (Figure 8). Intrinsic
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ligaments is identified as the strongest structure attaching calcaneus and talus, and

interosseous ligament to increased stability (Perry, 1983).

Subtalar joint
ABDUCTION/ADDUCTION
(Vertical axis)

N DORSIFLEXION/
PLANTAR FLEXION
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= 8 : —
2 = EVERSION/ A=) —eversion
INVERSION Sa { v INVERSION
~ON (AP axis) \) - v (AP axis)
perior view

§8in components
IND ADDUCTION

A Medial view

Figure 8 The axis of rotation and osteokinematics at the subtalar joint.

A and B: The component axes and associated, D: The movement of pronation, with
the main components of eversion and abduction, and E: The movement of supination,
with the main components of inversion and adduction
(Neumann, 2010)

2.2.3.3 Anatomy of distal tibiofibular joint
The distal tibiofibular joint is the distal articulation
between the fibular and tibia. A thick interosseous membrane along with anterior and
posterior inferior tibiofibular ligaments helps stabilized this joint. The anterior inferior
tibiofibular ligament is often injured during eversion and damage which results in the
so-called high ankle sprain (Miller et al., 1995).
2.2.4 Muscles and tendon in ankle instability

Tibialis anterior, extensor digitorum longus, peroneus tertius,
And extensor digitorum brevis muscles of anterior compartment may also contribute
to the dynamic stability of the lateral ankle complex by eccentric contraction during
forced supination of the rearfoot.

The peroneal longus and brevis muscles are integral to the
control of supination of the rearfoot and protection against lateral ankle sprains. In
addition, functional ankle instabilities is possibly due to proprioceptive deficit,

mechanical insufficiency, and muscle
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Figure 9 Lateral compartment of the leg (Evertors)
(Neumann, 2010)

It was interesting to find that relative peroneal muscle
weakness as determined by manual muscle test was present in 22%, injuries
associated with increased mobility and decreased strength, and ankle symptoms
(recurrent sprains, instability, and pain) in 35% (Bosien et al., 1995). Peroneal muscle
weakness was a result of overstretching, disuse atrophy, or both. According to
Arnheim and Prentice (1997), the peroneus longus muscle must be exercised to
provide eversion strength for prevent the foot from forced into inversion (Arnheim &
Prentice, 1997).

2.2.5 Innervation in ankle joint

The motor supply to the muscles comes from the tibial, deep
peroneal, and superficial peroneal nerves and the sensory supply comes from these 3
mixed nerves and 2 sensory nerves: the saphenous and sural nerves. (Khin-Myo-Hla
etal., 1999).

2.3 Mechanism and pathology of ligamentous injury
Ankle in plantarflexion and eversion can be caused by either acute lateral ankle

instability or lateral ankle sprain. Increasing of ankle dorsiflexion into plantar flexion



16

causes strain, which is the most frequently injuries of the lateral ligaments. 73% to
96% of patients with ATFL injury, while 80% of the CFL injury (Woods et al., 2003).
The mechanism of injury occurs with the ankle in eversion and external rotation or
the reverse i.e. inward rotation of the body on the fixed foot (Hintermann et al., 2002;
Hintermann et al., 2004).

2.4 Prevalence of chronic ankle instability in athletes

Inversion sprain is the most common diagnosis accounting for 84% of injuries,
especially rugby, football, volleyball, handball and basketball were the highest
incidence injuries (Fong et al., 2007). 14% of the sport-related attendances were on
the ankle joint, with 81% being ligamentous sprains and 10% being fracture, 37% of

sustained mainly in basketball and 29% of football sports (Fong et al., 2008).

2.5 Aetiology and risk factors
The risk factors for ankle sprain injury have been divided into intrinsic and

extrinsic factors.

2.5.1 The intrinsic factors
Many intrinsic factors such as sex, age, weight, height, previous injury,
flexibility, limb girth, muscle strength, reaction time, proprioception, anatomic
alignment, foot morphologic characteristics and inadequate rehabilitation have been
documented to influence ankle sprain injury. Kobayashi et al. (2016) reported that
intrinsic risk factor related to lateral ankle sprain was associated with significantly
greater BMI, decreased ankle dorsiflexion ROM in the injury group than in the non-
injury group, while other studies found no such correlation (de Noronha et al., 2013;
Kobayashi et al., 2016). Ankle evertor muscle weakness or delayed ankle evertor
muscle reaction time were common in chronic ankle instability (Hoch & McKeon,
2014).
2.5.2 The extrinsic factors
The extrinsic factors include the type of sport, the competition
level, the shoe type, the use of ankle tape and/or brace, the playing surface, and the
level of competition. The contraction of the muscles and the contribution from the
ligaments can help stabilise the ankle joint; therefore, when the muscles are inactive,
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the joint stability would rely mainly on the ligaments. As the ligaments possess

viscoelastic property, a sudden explosive stretch would tear them (Fong et al., 2009).

2.6 Models of CAI
2.6.1 Primary tissue injury

For CAI to develop, the injuries of mechanism were consisted of both
excessive inversion and internal rotation of the rearfoot on the tibia (Fong et al.,
2012). Patients with CAI will have had a primary to the ATFL, while CFL is possibly
present at the time of their index LAS. After an LAS, patients quickly develop the
signs and symptoms of pain, swelling, and inflammation, including alterations in
sensorimotor function that can develop to CAI (Hertel & Corbett, 2019).

2.6.2 Pathomechanics of chronic ankle instability

Chronic ankle instability is caused by changes in both sensory and motor
function within the sensorimotor system. Since the sensory information from multiple
somatosensory sources i.e. plantar, musculotendinous, and ligamentous receptors can
be accomplished by movement goal, however, damaged sensory receptor can cause
chronic functional instability (McKeon & Wikstrom, 2016; Wikstrom et al., 2013).

There are two theories of CAI. The first explanation is related to the

impairment of proprioception around the ankle after an acute injury, subsequently
leading to functional ankle instability (FAI). The second contributing factor involves
mechanical ankle instability (MAI), which is defined as an abnormal movement of the
talus within the ankle joint complex. Mechanical instability and functional instability
are probably not co-operatively exclusive entities but are more likely result from a
continuous of pathologic contributions to CAI (Hintermann, 1999) (Figure 10).
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2.6.2.1 Mechanical ankle instability
MALI is defined as having excessive inversion laxity of
the rear foot or excessive anterior laxity of the talocrural joint that assessed using
instrumented (arthrometry or stress radiography) or manual stress testing (Delahunt et
al., 2010). A result of anatomic changes after initial ankle sprain contributes to
mechanical instability, which leads to insufficiencies of the ankle stability.
2.6.2.1.1 Pathologic laxity
ATFL and CFL are injuries caused by
talocrural instability, which can be assessed by using an anterior drawer test for
determining the amount of anterior displacement of the talus from the tibiofibular
mortise (Rasmussen & Tovborg-Jensen, 1982). ATFL integrity is assessed by
determining the amount of talar tilt when talus inversion with talocrural joint
plantarflexion. CFL integrity is assessed by rearfoot inversion with talocrural joint
dorsiflexion for determining the amount of talar tilt. Positive test of an anterior drawer
test can represent laxity in transverse plane, whereas talar tilt test indicates in frontal
plane (Bremer, 1985). However, some study has report that previous injury, ligament
laxity and the grade of sprain were not predictors of chronic dysfunction (Gerber et
al., 1998).

2.6.2.1.2 Impaired arthrokinematics
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Tabrizi et al. (2000) suggested that limited
dorsiflexion range of motion in the closed kinetic chain is thought to be due to a
predisposition to lateral ankle sprain, which occurs in athletes with repetitive ankle
sprain and also typically compensated by increased subtalar pronation. If the
talocrural joint is not able to fully dorsiflex so that this joint will not reach its closed-
pack position during stance; thus, it may be able to inversion and internal rotation
(Tabrizi et al., 2000). In addition, the potential of arthrokinematics restrictions are
caused by subtalar, midtarsal, and tarsometatarsal joint fibula.
2.6.2.1.3 Synovial changes
Synovial inflammation has been shown in the
talocrural and posterior subtalar joint capsules that pain and recurrent ankle instability
often occur in patients with synovial inflammation, which are due to impingement of
hypertrophied synovial tissue between the respective bones of the ankle complex
(Taillard et al., 1981). Development of degenerative changes in the ankle complex can
contribute to repetitive bouts of ankle instability. Gross and Marti (1999) found that
volleyball players with a history of repetitive ankle sprains have more osteophytes
and subchondral sclerosis when compared healthy controls groups (Gross & Marti,
1999). In addition, subjects with CAI have been greater varus angulation of the tibial
when compared with those suffering initial acute sprains (Sugimoto et al., 1997).
However, it is still unclear whether these structural changes predispose to recurrent
ankle sprains or development in ankle instability.
2.6.2.2 Functional instability
According to Freeman (1965), individuals who have
lateral ankle sprains that damaged articular mechanoreceptors from deficit

proprioception may contribute to impaired balance (Figure 11).
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Figure 11 illustrates the relations between neuromuscular control of joint stability
and proprioception.
(Freeman, 1965)

2.6.2.2.1 Impaired Proprioception and Sensation

Changing of muscle spindle activity in
peroneal muscles can change articular me and chemoreceptor activity in impaired
proprioceptive at the ankle. Although patient with common peroneal nerve palsy after
acute lateral ankle sprain processes impaired cutaneous sensation and slow nerve
conduction velocity; however, there is no evidence supporting this notion in patients
with CAIl (Kleinrensink et al., 1994). Diminished somatosensation is occurred
because of articular proprioceptors and damage to ligamentous during injury
(Konradsen & Voigt, 2002).

Moreover, the perceived instability
represents a clinically important impairment leading to high risk of giving way during
functional activities or the unstable of ankle from perception is a common complaint
of those with CAIl. The Cumberland Ankle Instability Tool (CAIT) (Hiller et al.,
2006) and Identification of Functional Ankle Instability (IdFAI) questionnaire (Simon
et al., 2012) have been widely used for screening tools in the CAI; however, CAIT <
24 is now considered a standard diagnostic criterion of CAL.

2.6.2.2.2 Impaired Neuromuscular-Firing Patterns

Individuals with a history of severe

unilateral ankle sprain exhibited bilateral deficits of gluteus medius recruitment

(Bullock-Saxton, 1995). Impaired neuromuscular is not only present in structures that
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cross the affected ankle but also exists alongside other neuromuscular pathways in
both limbs; therefore, central neural adaptations can reflex to peripheral joint
condition (Palmieri-Smith et al., 2009).
2.6.2.2.3 Impaired Postural Control

The patients with CAIl have been impaired
balance or postural control, which may be due to somatosensory, motor impairments,
or a combination of the two. Maintenance of quiet unipedal stance and the SEBT were
most commonly reported of balance task. This deficit is thought to be a result of
neuromuscular control impairment, causing the foot pronation and supination effort to
keep the body’s center of gravity above the base of support. Maintaining unilateral
stance of hip strategy is less efficient than the ankle strategy (Pintsaar et al., 1996).
Moreover, the patients have been represented more trunk and pelvic rotation (de la
Motte et al., 2015).

Alternated postural control strategy is likely
due to changes in a central neural control that appear in the presence of ankle joint
impairment. According to Wikstrom, Naik, Lodha, and Cauraugh (2009), the role of
motor control programs must be developed to functional instability that postural
control deficits represented by increasing the area and velocity of the centre of
pressure (COP) for affected lower limbs (Wikstrom et al., 2009).

2.6.2.2.4 Strength Deficits

Diminished strength has been reported
among individuals with CAl, which found for both eversion and inversion (Ryan,
1994). Neuromuscular control deficits from functional ankle instability are aggravate
alterations in kinesthetic perception and muscle reflex activation which effect on a
delay in reaction time in the peroneus longus, peroneus brevis, and tibialis anterior
muscles within the functional ankle instability of the basketball players. Previous
research found that functional ankle instabilities, especially strength deficits up to 6
months following injury, resulted in increased resting motor threshold in peroneus
longus muscle and lacked in corticomotor excitability of the peroneus longus to
control inversion mechanisms, causing perceptions of functional limitation from
neuromuscular impairment and poor motor control (Pietrosimone & Gribble, 2012).

Deficits have also been reported in eccentric eversion, inversion, plantarflexion, and
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dorsiflexion strength from using isokinetic dynamometry in patients with CAl (David
etal., 2013).

Additionally, proximal muscles (gluteal muscles)
weakness from ankle instability have been reported to alter landing mechanics as a
result of poor shock absorption (Pollard et al., 2011).

2.7 Diagnosis of chronic ankle instability

Subjective complaints and the use of discriminative instruments are often used
to diagnosis of CAl. In this study, the Cumberland Ankle Instability Tool (CAIT) and
Ankle Instability Index (All) are utilized to assess CAl, which categorize athletes into
mechanical or functional CAl subsets.

The International Ankle Consortium defined CAl as conditions with a history of
“giving way” and/or “feelings of instability” from a significant ankle sprain that was
associated with an inflammatory response and at least one missed day of activity. A
summary of the criteria recommended for defining CAIl by the International Ankle
Consortium is shown in Table 2 (Gribble et al., 2014).

Table 2 Summary of the criteria recommended for defining CAIl by the International

Ankle Consortium

Inclusion criteria for further CAl research Exclusion criteria (minimum)

and study design (minimum)

1. History of at least one significant ankle sprain | 1. History of fracture in either lower

-Inflammatory symptoms caused at least one | extremity requiring realignment

interrupted day of activity 2. Previous surgical interventions to

-Most recent injury must have occurred 3 musculoskeletal structure in lower
months prior extremity

- The initial sprain must have occurred at 3. Acute injury to musculoskeletal
least 12 months prior to study enrolment structures of any other lower extremity
2. History of recurrent ankle sprains and/or joints in the previous 3 months
“giving way” and/or feelings of instability -Impacted joint integrity and

2.1 Definition of recurrent sprain as two or function with at least 1 day of

more sprain to the same ankle interrupted activity
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2.2 Definition of giving way as the regular
occurrence of uncontrolled and unpredictable
episodes of excessive inversion of the rear foot)
such as usually experienced during initial contact
during walking or running

2.3 Definition of feeling ankle instability as the
situation whereby during activities of daily
living (ADL) and sporting activities the subjects
feels that ankle joint unstable

-Use of Ankle instability instrument,
Cumberland Ankle instability Tool, and/or
Identification of Functional Ankle Instability
3. Self-reported foot and ankle function
questionnaire for level of disability

-Foot and Ankle Ability Measure and/or Foot
and Ankle Outcome Score

Mechanical instability can be identified from either physical examination or

stress radiographs, while functional instability can be identified from subjective,

patient-reported feeling of giving way. In addition, the presence of unilateral recurrent

sprain or MAI on stress X-ray, anterior drawer test, and talar tilt test are commonly

used for MAI. From a systematic review, the inclusion criteria for FAI are as follow

(Delahunt et al., 2010):

- “Giving way or recurrent feeling of instability” during

activities of daily living, experienced at least one repeated ankle injury
- Two or more unilateral inversion injuries requiring
- Decrease weight bearing or immobilization

- Chronically weak and less functional since injury

- At least three residual symptoms of ankle instability

(giving way, reduced ROM, pain, instability, weakness)
- Negative anterior drawer test
- CAIT score < 23 for the affected ankle
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Lateral instability

Medial instability

Rational instability

tenderness over
ATFL and CFL
-Anterior drawer
test

-Eversion stress test
-Assessment of
standing hindfoot
varus malalignment
-Peroneal tendons
assessment

tenderness on the
anteromedial ankle
and over spring
ligament
-Anterior drawer
test

-Inversion stress
test

- Assessment of
standing hindfoot
valgus

-Tibial posterior
functional
examination

Natural -Supination, -Pronation, -History of ankle sprain

history inversion primary eversion primary with any mechanism of
historical injury sprain injury
-Lateral and -Anteromedial -Anteromedial and
anterolateral pain ankle pain anterolateral pain
-Instability and -Instability and -Instability and giving
giving way in varus | giving way way
positions -Recurrent medial | -Recurrent sprains
-Recurrent lateral sprains -Foot deformity
sprains

Examination | -Localized - Localized -Localized tenderness

over both anteromedial
and anterolateral ankle

- Anterior drawer test
-Eversion/Inversion
stress test

-Usually hindfoot valgus
and forefoot abduction
-Assessment of both
peroneal and tibialis
posterior tendons

2.8 Treatments

The initial conservative treatment for CAl is to increased ligament laxity, which

is always or partially caused by proprioceptive disturbance (Safran et al., 1999).

Patients who have functional ankle instability are more likely to benefit from these

conservative measures (Maffulli & Ferran, 2008).

The conservative treatment (e.g. strengthening exercise, stretching exercise,

neuromuscular training, mobilization, taping or brace) of chronic ankle instability
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have recently been published in a mixed population of non-injured and previously
injured subjects. This program has been shown to cause significant improvements in
SEBT and functional limitations in patients with CAI (Hale et al., 2007). Generally,
the rehabilitation program comprises the open and close kinetic chain exercises and
neuromuscular training.

2.8.1 The principle and effects of open and close kinetic chain exercises

Open kinetic chain (OKC) and close kinetic chain (CKC) exercises can
improve resistance training that is conducted to increase balance, ankle stability, and
performance. The method of OKC exercise includes ankle plantar flexion,
dorsiflexion, inversion, eversion with theraband, side lying in hip abduction, clam
shell gluteus medius, and fire hydrant. = Progression of exercise can be achieved by a
Theraband, and increment of sets, and repetitions. The method of CKC exercise
includes double/single leg heel raises, single leg heel raises with weight, star
excursion balance test (SEBT) functional reaching, and double leg squats. This
program can be progressed by increasing of sets and repetitions (Jaber, Lohman,
Alameri, et al., 2018). According to Jaber et al. (2018), both OKC and CKC exercises
for 6 weeks caused improvements in the Foot and Ankle Ability Measure-Sport
Subscale, SEBT, Center of Pressure (COP), suggesting an improvement in dynamic
postural control and subjective function; however, CKC elicited greater
improvements than that of the OKC (Jaber, Lohman, Alameri, et al., 2018). In
addition, CKC exercise was reported to increase EMG activity of fibularis longus
during heel raises exercises when compared to ankle eversion exercises using a
resistive theraband (Chen et al., 2015).

Typically, CKC exercise is performed by muscular co-contraction and
eccentric contraction, causing a decrease in the shearing forces during compressive
forces to the joints; therefore, this program can improve joint stability. In addition,
CKC in reaching on SEBT that is effective for maintaining the stability received from
ankle, knee, and hip joint of support limb.

2.8.2 The principle and effects of neuromuscular training

Published clinical guidelines demonstrated that neuromuscular training,

which consists of balance training and exercises can improve functional movements.

The neuromuscular training is usually performed by using static stability and dynamic
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stability (a double/single leg standing with throwing and catching ball on dynair or
bosu) (Cruz-Diaz et al., 2015; Yu et al., 2017). Indeed, neuromuscular training for 6
weeks resulted in significant improvements in CAIT, SEBT, and pain in athletes with
CAI (Cruz-Diaz et al., 2015). Neuromuscular training is also effective in decreasing
the rate of ankle sprain in sports activities postural sway, particularly in athletes with
a previous history of ankle injuries. This training program is thought to improve
postural control via the afferent and efferent information pathways become more
efficient in transmitting the signals (Huang et al., 2014; Kidgell et al., 2007).

In contrast to above findings, some previous research found no
difference in any of the directions evaluated after the training (Boraoa et al., 2015).
This discrepancy in result may be due to the different in the training protocol among
the studies as this program used a relatively shorter than 6 weeks. Nevertheless,
additional studies are needed to determine the optimal protocol for neuromuscular
training (Huang et al., 2014; Kidgell et al., 2007; Mohammadi, 2007). There is also a
limit in methodology including assessment bias, and poor description of sample
characteristics (Martin et al., 2013).

Neuromuscular training can help in restoration of a lack proprioceptive
input from the mechanoreceptors in the ankle joint. Several studies (Eils, Schroter,
Schroder, Gerss, and Rosenbaum (2010); McGuine and Keene, (2006) found that this
proprioception/neuromuscular training can reduce injuries (35%-38%) and improve
balancing capabilities. Thus, this program is essential part of the overall
neuromuscular control for improving ankle instability by increasing the sensitivity of
mechanoreceptors via joint proprioceptors and increased muscle activation via muscle
spindles (Eils et al., 2010).

2.8.3 The principle and effects of BFR training

BFR training program is consisted of constricting an inflatable cuff to
the limb for maintaining arterial inflow while occluding venous return during
exercise. Basically, this training applies a partially restrictive cuff at the proximal
portion of the arms or legs to partially restrict vascular flow. BFR training has
recently been used for rehabilitation potential of both operative and non-operative

musculoskeletal impairment and has been reported to increase muscle strength and
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safety. However, there is still mixed result regarding the effects of BFR on muscle
strength proximal to the cuff (e.g. chest, trunk, gluteal muscles) (Abe et al., 2012;
Dankel et al., 2016).

Ohta et al. (2003) demonstrated that BFR training (180 mmHg) with a
range of lower limb exercise in patient with anterior cruciate ligament reconstruction
(ACLR) increased strength and CSA of vastus laterallis muscle. Takarada et al. (2000)
also reported that the CSA of knee extensors was larger decreased in the control group
than that in the BFR training group (200-260 mmHg) during the postoperative disuse
atrophy. In addition, BFR training resulted in significantly improved strength of
quadriceps muscle and functional return to activities in patients with knee arthroscopy
(Tennent et al., 2017). By contrast, BFR training (130-180 mmHg) in athletes with
ACLR elicited no significantly difference in quadriceps CSA compared to the control
group (Iversen et al., 2016). In a more recent study, Yow et al. (2018) showed that
BFR training at 180 mmHg (80% of the limb occlusion pressure (LOP)) combined with
30% of 1RM in patients with Achilles tendon rupture can improve plantarflexor muscle
strength, facilitated return to running, and ambulated without assistive devices.

Korakakis et al. (2018) found that BFR training (80% of vascular
occlusion) with low load resistant training consisting of open kinetic chain knee
extensions in patient with anterior knee pain could reduce pain immediately in loaded
lower limb functional testing and sustained for 45 minutes (Korakakis et al., 2018).
However, BFR training (60% of the arterial occlusion pressure (AOP) with 30% 1RM
in athletes with patellofemoral pain syndrome (PFP) showed no differences in pain
reduction, quadriceps muscle thickness, and strength at 6 months after treatment when
compared to the control group. Consistently, a decrease in pain during activities and
improved muscle strength and muscle thickness were observed at 8 weeks after
treatment (Giles et al., 2017). Additionally, BFR training (160-200 mmHg) with 30%
of 1RM reduced pain and increased quadriceps muscle strength in patients with OA
knee at an immediate after treatment 4-6 weeks (Bryk et al., 2016; Segal et al., 2015).
Recently, Faltus et al. (2018) have suggested the evidence supporting the
implementation of blood flow restriction training and the use a theoretical model for
managing chronic ankle instability in the basketball athletes; however, this study is

only clinical commentary, which is not experimental study (Faltus et al., 2018).
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Interestingly, BFR training (200 mmHg) without any exercise, 2 sessions/day for 2
weeks can help protect against muscle atrophy and weakness induced by unloading in
healthy males immobilized for 2 week (Kubota et al., 2011; Kubota et al., 2008).

In healthy subjects, a low-load BFR training to the upper thigh of the
limb have demonstrated greater increases in strength, hypertrophy, and endurance than
that in low-load training alone. This finding is held true for muscle groups both
proximal (gluteal muscle) and distal (knee extensor/flexor and plantar flexor muscles)
to the tourniquet cuff (Bowman et al., 2019). In particular interest, this proximal
muscle group development would benefit in patients with postoperative hip arthroscopy
and Achilles repair or ankle rehabilitation (Yow et al., 2018).

There is also evidence that knee extension and flexion training
(30%1RM) with and without BFR applied to both upper thighs for 10 weeks, and non-
BFR with bicep curl in single arm (50%1RM) during same sessions, resulted in
increased strength of elbow flexor muscle and CSA (Madarame et al., 2008).
According to May et al. (2018), BFR training (60% occlusion pressure) at proximal of
both legs with unilateral bicep curls (50%1RM) of dominant arm and bilateral knee
extension and flexion (30%1RM) for 4 sets can increase arm strength, with no
changes in muscle CSA were observed (May, Russell, & Warmington, 2018). More
recently, a study examining the effect of submaximal resistance exercise (isometric
exercises; 4 sets of ankle eversion and dorsiflexion contractions) with BFR training
(80% occlusion pressure) at proximal thigh in patients with CAl demonstrated a greater
muscle activation and hypoxia, which may be important acute responses mediating the
training related muscle adaptations during BFR (Lauver et al., 2019).
2.8.3.1 Applying BFR training
2.8.3.1.1 Personalized pressure
A review literature on BFR rehabilitation
showed inconsistencies in methodology, equipment and in levels of restriction pressure
used between studies (Loenneke et al., 2012; Loenneke et al., 2011; Noordin et al.,
2009).
Complete arterial occlusion rather than restrict
blood flow can decrease effectiveness of the BFR intervention, which in turn lead to

the formation of a thrombus. In addition, non-pneumatic bands and elastic wraps
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applying unknown pressures to the limb are more dangerous than the Delfi
personalized tourniquet system or pneumatic cuff. Thus, the personalized pressures are
strongly recommended so that the predetermined percentage of the LOP is precisely
regulated. This avoid the adverse effects from complete arterial occlusion (McEwen et
al., 2018).

2.8.3.1.2 Cuffwide
Loenneke et al. (2012) found that a narrow
cuff (5 cm) required a higher inflation pressure to occlude blood flow than a wider
cuff (10 and 12 cm). Moreover, an increase of the distance of pressure being applied
to the tissues may occur in a wide cuff; therefore, the tissue and blood vessels are
compressed over a longer distance. Similarly, a 10 cm cuff has a covering area of the
limb greater than 5 cm cuff. Unfortunately, McEwen et al. (2018) found that there
were a high probabilities of injury occurred from higher levels of pressure and higher

pressure gradients (McEwen et al., 2018) (Figure 12).
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Figure 12 illustrates a comparison of applied pressures and pressure gradients
typically produced.

A modern pneumatic surgical (A), a non-pneumatic, non-surgical strap-type
tourniquet (B), and a non-pneumatic elastic ring designed (C). Higher levels of
pressure and higher pressure gradients are associated with higher probabilities of

patient injuries
(McEwen et al., 2018)
2.8.3.1.3 Cuff material
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Measured resting AOP using nylon and
elastic cuffs of similar size (5 cm wide) that there were not apparent differences in
resting AOP (Loenneke et al., 2012). However, Buckner et al. (2017) found an
increase of resting AOP when applying elastic cuff cm wide whereas 5 cm nylon cuff
results in decreased of resting AOP (Buckner et al., 2017).

2.8.3.1.4 Individual characteristics

Individuals with small limbs have lower
pressure than those with large limbs; in addition, given the large difference in limb
circumference between the legs and the arms. Thus, individual’s normalized pressure
are applied from percentage of minimum pressure needed to complete occlusion
pressure to a limb in resting state (resting arterial pressure) (Jessee et al., 2016).

2.8.3.1.5 Exercise intensity and restriction pressure

The minimum load of 30% of 1RM with
80% of AOP is required to stimulate muscle growth similar to high load resistance
exercise. However, a lower intensity exercise, such as walking or cycling, requires
higher restriction pressures. A greater load or number of repetitions with BFR may be
needed for multiple-joints exercises to optimize muscular benefits (Mattocks et al.,
2018).

The current recommendation for BFR training in
rehabilitation include:

1) 40-80% of occlusion pressure, which 80% of complete
occlusion has been previously characterized as moderately painful and increased
occlusion pressure can reduce blood flow to muscles, increased phosphate inorganic
accumulation (an index of muscle fatigue), and recruited of fast twitch fibers (Jones et
al., 2017).

2) 20% - 30% 1RM has been shown to be a safe and
effective tool for enhancing the morphology and strength in muscle tissue (Slysz et
al., 2016).

3) 4 sets (30,15,15,15 repetitions) is sufficient volume to
lead to adaptations in most people. However, relationship between volume and
adaptation still needs further clarity.

4) Resistance progression related to the 4 proposed rehab



31

phases of BFR implementation include: 1) BFR during early stages for rest used in

cases of prolonged immobilization 2) BFR with low workload walking or cycling,

which apply to post-operative or prolonged immobilization 3) BFR with low load

resistance training 4) BFR with low level functional training (Loenneke et al., 2012).
2.8.3.1.6 Cuff placement

There are only two places which BFR
devices should be placed: the proximal arm and proximal thigh at the greatest
circumference that muscle bulk is the greatest and a greater protection against nerve
injury. Additionally, upper calf or forearm areas have very superficial nerves, which
can cause serious damage (e.g., nerve injury) (Sharma & Salhotra, 2012).

2.8.3.1.7 Practical BFR

Elastic knee wraps (76 mm width) as an
inexpensive, accessible, and practical method of blood flow restriction was first
introduced by Loenneke and Pujol (2009). Conveniently, the athletes wrap extremity
with a compression band at 4- 5/10 intensity for the upper arm or 6-7/10 intensity for
the legs. However, the restriction pressure or tightness of the wraps were not
quantified, which were limited of studies and were not reliable performed in multiple
workouts at the exact same level of occlusion (Loenneke & Pujol, 2009; Mattocks et
al., 2018).

Blood flow restriction band is a 0-10 scale
based on perceived tightness, choosing thickness, and covering about 1/4 to 1/3 of the
extremity were developed by Wilson (2013). A rating of 7 out of 10 on this scale
during exercise represents the complete occlusion of the vein, but not artery. This is
reported to associate with acute increases in lactate, muscle swelling, and
electromyography amplitude, whereas 10 of 10 scale were complete occlusion. If
there is no pulse detected during palpating the radial artery or the posterior tibial
artery, the wraps are considered too tight and should be lessened to ensure arterial
inflow. Since the pressure of the band is put through a much smaller area, it may

cause an injury to the underlying nerves (Figure 13)(Wilson et al., 2013).
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Figure 13 illustrating participants’ muscle thickness of the vastus lateralis, vastus
intermedialis, and the fascia via the ultrasound in response to moderate blood flow

restriction

Delphi personalized tourniquet system is
the gold standard BFR training device, which contains a doppler ultrasound within the
blood flow restriction cuff. This is the most accurate way possible to measure blood
flow in the extremity which can precisely occlude the appropriate amount of flow
(Figure 14-16) (DePhillipo et al., 2018).

Figure 14 Delfi personalized tourniquet system for BFR with pneumatic cuff
(DePhillipo et al., 2018)
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Figure 15 The components of BFR consist of a personalized tourniquet system
(DePhillipo et al., 2018)

|Hose Connector] w
Contour Cuff
Shape

Easi-Fit Tourniquet Cuffs for Blood Flow Restriction (BFR)
18" Easi-Fit Variable Contour
24" Easi-Fit Variable Contour
34" Easi-Fit Variable Contour

Figure 16 illustrating a contoured tourniquet cuff, which is available in 3 different
lengths (length use is dependent on patient thigh size)
(DePhillipo et al., 2018)
Pneumatic occlusion cuff is essentially a
specialized blood pressure cuff designed for blood flow restriction training in which
the sphygmomanometer on the occlusion cuff allows the individual to precisely

measure the level of occlusion (Figure 17).



34

o S

Figure 17 (A) Pneumatic occlusion cuff for BFR during walking, (B) Pneumatic

occlusion cuff for BFR during exercise, and (C) Pneumatic occlusion cuff used to
promote BFR
(Bittar et al., 2017)

2.8.3.2 Validity of the handheld doppler and doppler
ultrasound to determine BFR pressure for exercise
protocols

A handheld (HH) doppler ultrasound (US) in the upper
body and lower body is used to determine the arterial occlusion pressure, which is
progressively increased until no detectable auscultatory signal. The presence or
absence of pulse is indicated by the auscultatory signal, but does not measure blood
flow (Lixandra o et al., 2015). The participants are asked to rest in supine position for
15 minutes. After which, a nylon cuff is fitted to the proximal thigh and an HH
doppler probe is detected posterior tibial artery pulse. The cuff is inflated to the
lowest pressure that the arterial pulse is not auscultatory signal, which was determined
the arterial occlusion pressure level. Then, the cuff is deflated and the participants are
asked to rest for 10 minutes (Laurentino et al., 2018).

The gold standard for blood flow measurement is a
doppler US, which can determine the presence, direction, velocity, and blood flow
volume; however, it is not practical for everyday settings such as during training
sessions; rehabilitation programs, and field activities (Laurentino et al., 2018). The
procedure is the repeat of HH doppler US. Before the measurement, the water-soluble
gel and probe are placed on the superficial femoral artery (3-5 cm distal to the portion

of the cuff). The probe is often aligned at an angle of 60° toward the body surface
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with no applying pressure to the body surface to prevent artifacts. Thereafter, a pulse
wave doppler is used to indicate the cross-sectional area of the vessel and the time
average velocity. The cuff is then inflated up to the point at which the femoral arterial
blood flow is absence, which is defined as femoral arterial occlusion pressure, and

then the cuff is immediately deflated and removed (Figure 18) (Laurentino et al.,

2018).
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Figure 18 Schematic illustrating the total occlusion pressure determination with a
doppler US in one volunteer
(Bezerra de Morais et al., 2017)

In a recent study, Laurentino et al. (2018) found that
there was no significant difference between the HH Doppler and the Doppler US in
the assessment of the arterial occlusion pressure level, with a significant positive
correlation observed between the arterial occlusion pressure measurements (r = 0.938)
(Laurentino et al., 2018).

2.8.3.3 Mechanism of BFR training
2.8.3.3.1 Effect of BFR training on muscle strength

BFR with a light load exercise can bring
about the recruitment of large motor units (i.e. fast-twitch muscle fibers). This
reduced blood flow and hypoxic intramuscular environment may stimulate the
increase in muscle activation via group Il and IV muscle afferents. Under hypoxic
conditions and sensory feedback to cortical areas, BFR training has been proposed to
increase corticomotor excitability and muscle activation (Brandner et al., 2015).

Moreover, BFR alone (with unloading) can
be used to protect against muscle atrophy and weakness, probably due to the
accumulation of intramuscular phosphate metabolites and hydrogen ions as a result

of continuous muscle contraction (Kubota et al., 2011).
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2.8.3.3.2 Effect of BFR training on muscle strength
of remoted muscles
Interestingly, the cortical excitability at the
primary control site for legs as a result of lower body BFR training may have spilled
over to the proximal control site for arms and recruited of agonist in the arm training
from influencing motor unit with increased circulating concentration of anabolic
stimuli (e.g., growth hormone, noradrenaline), along with the recruitment of a greater
muscle mass. Moreover, increasing amplitude of motor evoked potential in
corticospinal region proximal excitability during BFR training can alter motor output
to blood flow restricted area in distal (Madarame et al., 2008; May et al., 2018;
Patterson & Ferguson, 2010; Patterson & Ferguson, 2011).
2.8.3.3.3 Effect of BFR training on muscle
hypertrophy
BFR could potentiate hypertrophy during
low-intensity exercise, as a result of the hypoxic environment which may lead to an
increased recruitments of fast-twitch muscle fibers, increased inflammatory and
endocrine response, and elevated intramuscular inorganic phosphates (Takada et al.,
2012) (Figure 19).

METABOLIC STRESS

HORMONAL RELEASE INFLAMMATORY RESPONSE
(’Flil“sl\,?r-'\lll\[\r NEUTROPHILS
ROS PRODUCTION AND MACROPHAGES
) RECRUITMENT

SKELETAL MUSCLE

REMODELING

Figure 19 Diagram showing the role of metabolic stress and inflammatory response
induced by blood flow restriction training for enhancing muscle adaptations
(Rossi et al., 2018)

Neutrophils and macrophages can release
growth factors such as insulin-like growth factor (IGF-1), basic fibroblast frowth
Factor (bFGF), transforming growth factor (TGF), and mechano growth factor (MGF)

and that this may facilitate muscle regeneration and hypertrophic response by
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activating satellite cells and mTORCL signalling pathway (Figure 20) (Gundermann
etal., 2014; Rossi et al., 2018).

Noutrophil and Macrophage &

Figure 20 Relationships between inflammatory, neutrophil, and macrophage in the
remodelling of skeletal muscle mass induced by BFR with strength training
(Gundermann et al., 2014; Rossi et al., 2018)

2.8.3.3.4 Effect of BFR training on balance

Distal occlusion (proximal thigh) may result
in a fatigue of muscle below the cuff and the recruitment of synergistic proximal
muscles above the occlusion area (gluteal muscles), which helps maintain pelvic
stability and control femur movement for results positioning of the ankle and foot.
Therefore, benefits of proximal effects from this training strategy may allow athletes
to return to sport-specific exercises which challenge postural balance both proximal
and distal effects (Madarame et al., 2008).

2.8.3.3.5 Effect of BFR training on EMG activity

The EMG amplitude can be influenced by
muscle fiber potential, motor unit integration, and fatigue (Wernbom & Aagaard,
2020). Fatela et al. (2019) showed that BFR training with low load can facilitate an
early recruitment of higher threshold motor units with lower firing rates compared to
low load exercise. After cuff release, the firing rate of motor unit with equal size
increased (Fatela et al., 2019). The higher EMG amplitudes the greater type Il fiber
recruitment. Sousa et al. (2017) also found that the higher level in knee extensor
muscle excitation after low load BFR training for 6 weeks was normalized to maximal
EMG activity during pre-test.

Moreover, Killinger et al. (2019) found that
BFR caused moderate and non-clinically important increases in muscle activation

during dorsiflexion and eversion resistance exercises from higher threshold motor
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units and muscle fibers recruitment to complete the BFR training (Killinger et al.,
2020). However, increasing of group HI/IV afferent input will probably affect both
recruitment thresholds and firing rates of motor units negatively during fatiguing low-
load BFR training with bilateral multi-joint exercise, which will in turn be reflected in
lower maximal EMG amplitudes (Wernbom & Aagaard, 2020).

Takarada et al. (2000) hypothesized that
triceps muscles under direct BFR increased fatigue, which caused a greater stress on
the chest musculature to make up for loss of force production. Additionally, while
triceps from BFR stimulation was increased stress. Type Il fiber is recruited from the
relative contribution of the chest and triceps during BFR training with low load by
increased EMG activity of chest musculature, which not being directly occluded
(Takarada et al., 2000). According to Abe et al. (2012), gluteus maximus (located
proximal to the pressure cuff), which was increased in muscle size after low load BFR
training by synergistically involved in performing the squat exercise (Abe et al.,
2012). Increased EMG activity and muscle swelling of the chest or gluteus maximal
(proximal muscle) via hypertrophic mechanisms augment muscle growth even in
muscles.

There are intrinsic and extrinsic factors that can
influence DOMS as shown in Table 4. More specially, extrinsic factor such as the
final BFR pressure, duration of pressure, and the width of cuffs is required whenever
prescribe BFR training in an effective and safe manner (Brandner et al., 2018).
Although BFR training in healthy young populations is safe alternative to traditional
modes of exercise, the possible contraindications of the applied of BFR are listed in
Table 4.
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Table 4 Possible Contraindications to Use of BFR
Cardiovascular dizease

- Coronary heart dis-ease{

- Left ventricular dyvsfiznction

- WVenous thromboembolizm

- Unstable hypertension

- Peripheral vascular diseasze

- Hypercoagulable states (blood clotting dizsorders)
- Atheroszclerotic vessels causing poor blood circulation Silent myocardial
izchemia

- Induration/Marfan syndrome

- Hemophilia

- Varicoze veins

- Vascular endothelial dvsfunction
Iinsculoskeletal injury

- Recent muscle tranma or crush injuries Postsurgical excess swelling
- Open soft tissue injuries

- Open fractures

- Skin graft

Lifestyvle Age

- Smoking

- Uncontrolled diabetes mellitus

- Body mass (eg, obesity)

- Dehydration

Family medical history

- Clotting disorders

- Sickle cell anemia

- Heart failure

- Cancer

hledications

- Those known to increase blood clotting risk

2.9 The measurement of muscle strength

The measurement of muscle strength is an important clinical consideration for
patients with chronic ankle instability (Chamorro et al., 2017). Two methods
commonly used to assess muscle strength are isokinetic dynamometers and hand-held
dynamometers.

2.9.1 Hand-held dynamometers

Hand-held dynamometer is used for the measurement of force production.

This device is portable, easy to use, low cost, and widespread clinical use. The
reliability of this device for the assessment of lower extremity strength were widely
differed between studies. Generally, the lower reliability scores were found for knee
extension and ankle plantar flexion (Chamorro et al., 2017).

2.9.2 Isokinetic dynamometers

The isokinetic dynamometer is widely used strength measurement in
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sports, research, and clinical settings. This device is considered the gold standard for
assessing muscle strength because the strength imbalance between the participants
and the examiners do not influenced the results (Martin et al., 2006). Furthermore,
assessments of hip, knees, and ankles showed lower standard error of measurement
(SEM) by using an isokinetic dynamometer when compared to a hand-held
dynamometers (Chamorro et al., 2017). Several previous studies have recommended
the isokinetic dynamometer for measuring ankle muscles strength in chronic ankle
instability (Hall et al., 2018; Terrier et al., 2017) (Figure 21).

Figure 21 illustrating the position of the subjects and dynamometer's set up for ankle
eversion and inversion isokinetic strength testing.
(Terrier et al., 2017)

2.10 Assessment of muscle cross-sectional area

Muscle cross-sectional area (CSA) can be used as a measure of muscle
hypertrophy or atrophy. Two methods of CSA measurement exist, the magnetic
resonance imaging (MRI) and the ultrasonography (Wernbom et al., 2007). A very
high and significant correlation coefficient was observed between the US and MRI
(R=0.99, p=0.001) (Lixandréo et al., 2014) (Figure 22).

404 MRI = 0.9988 * US -0.0503
R: = 0.9856

<~ 30
£
-
=
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Figure 22 illustrating the relationship between the MRI imaging and US for the
vastus lateralis muscle CSA
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(Lixandrao et al., 2014)
2.10.1 Magnetic resonance imaging (MRI)

MRI is considered the gold standard assessment of muscle CSA
with a relative high reliability. However, MRI has high costs and difficulty in applied
setting or restricted access (e.g., muscle hypertrophy assessments after training
regimens) (Lixandréo et al., 2014).

2.10.2 Ultrasonography (US)

Ultrasonography has previously been used to measure muscle
CSA images. US have excellent differentiations among skeletal muscle, connective
and intra-extramuscular fat tissues. In addition, US are lower cost and accurate for
muscle CSA measurement. Moreover this rehabilitative ultrasound imaging
measurements shown an excellent interrater reliability (intraclass correlation
coefficient, ICC) for muscle thickness (0.90-0.97), plantar fascia thickness (0.94-
0.98), and CSA (0.91-0.98) (Angin et al., 2014). According to Lobo et al. (2016),
participants with lateral ankle sprain have been reduced the peroneus longus CSA
compared with participants without lateral ankle sprain; in addition: US protocol has
excellent intra-examiner reliability of peroneus longus and brevis muscle tissues
(Lobo et al., 2016) (Figure 23).

—

Subgcutaneous tissue

cT

MEASURE 1 MEASURE 2 MEASURE 3
CSA (cm?) CSA (cm?) CSA (cm?)
CP (cm) CP (cm) CP (cm)

Figure 23 illustrating participants’ position, probe location, and parameters used in

the ultrasound imaging measurements
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(Lobo et al., 2016)
2.11 Electromyography (EMG) activity

Electromyography (EMG) can be used to diagnosis the muscle fibers and lower
motor neurons response. It can be regarded as an extension of the clinical
examination. EMG activity can distinguish myopathic from neurogenic muscle
wasting and weakness. In addition, it can help to identify electrical changes consistent
with a pathologic process in these anatomic areas and measured motor unit activity.
EMG can be divided into needle and surface EMG. Previous research have examined
the activity of the hip and ankle muscles of a dynamic task and found less activity of
the muscle acting on the ankle and hip in individuals with CAIl (Jaber, Lohman,
Daher, et al., 2018).

2.12 The measurement of balance
2.12.1 Star excursion balance test (SEBT)

The SEBT is often used as a tool to measure dynamic postural control
deficits. The objective of this test is to maintain a stable base of support during single
limb stance on one leg while reaching as far as possible with contralateral leg in eight
different directions. The directions are anterior (A), medial, lateral, posterior,
anteromedial, anterolateral, posteromedial (PM), and posterolateral (PL) (Plisky et al.,
2006) (Figure 24).

Anterior Anterior
Anterolateral Anteromedial Anteromedial Anterolateral
Lateral L Medial Medial ® Lateral
Posterolateral Posteromedial Posteromedial Posterolateral
Posterior Posterior
Left-leg stance Right-leg stance

Figure 24 lllustrating the directions of SEBT in the left- and right- leg stance
(Gribble & Hertel, 2003b)
The intrarater reliability of the SEBT is moderate to high with
ICC ranging from 0.67-0.97 (Plisky et al., 2009). The SEBT is a quick method and
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easily set up with a measuring tape and lines spaced 45° on any stable flat surface
being test. The SEBT has been proven to be effective for determining deficits in
postural control both between and within subjects with unilateral chronic ankle
instability (Lauren et al., 2002).

Besides, it was also found that three directions (A, PM, and PL)
were a good predictor of lower extremity injury (Plisky et al., 2006). By contrast,
Hertel et al. (2006) found that subjects with CAI performed significantly less reach
distances in anteromedial, medial, and PM directions compared to the healthy control.
According to Hubbard, Kramer, Denegar, and Hertel (2007), two directions
(anteromedial and PM) were able to identify reach deficiency in subjects with CAI
(Hubbard et al., 2007). Subsequently, attempts have been made to simplify the
directions of the SEBT to the A, PM, and PL for shorter testing time (Plisky et al.,
2006).

2.12.2 Y balance test (YBT)

Y balance test is developed by using clinical application of the SEBT
that the directions are limit to A, PM, and PL. The angle between the PM and PL
reach arms is 45° and between the A and PM and PL reach arms is 135°. The protocol
of YBT is usually followed the SEBT. The advantages of the YBT is that it uses less

time to complete and has a high inter-rater (0.99-1.00) and intra-rater reliability

(0.85-0.91) (Plisky et al., 2009) (Figure 25).
A RN '

Figure 25 The Y balance test directions A) Anterior ; B) Posterolateral ; and C)
Posteromedial reach directions
(Almeida et al., 2017)
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2.12.3 Biodex Balance System (BBS) test
The BBS test has been proven to be a valid and reliable objective
measure of a patient’s ability to balance on stable and unstable surfaces. It is used as a
dynamic postural control assessment. The platform is interfaced with a computer
software for three separated variables calculation: Overall Stability Index (OSI),
Anterior-Posterior Stability Index (APSI), and Medial-Lateral Stability Index (MLSI)
from the degree of tilt. A high value represents a substantial movement away from the
participant’s center of gravity, which indicates a poor balance, while a lower value
represents a better balance (Glave et al., 2016).
2.12.4 The force platform
The force platform is considered the gold standard to assess

balance/postural control in the laboratory setting. The force platform is used to
evaluate of postural stability (static and dynamic condition) during the performance of
the YBT or SEBT to acquire the center of pressure (COP), which is point location of
vertical ground reaction force vector and displays a weighted average of all the
pressure over the surface of the contact area with the ground. This device is recorded
the applied force on the ground by the subjects. The center of the YBT grid was
aligned with the center of the force plate. The COP trajectory (postural sway) informs
about the postural response to perturbations. The analysis of sway velocity (the speed
at which the COP moves) or the analysis of the spatial dispersion of the trajectories
(i.e. area, root mean square (RMS), or path length) (Browne & O’Hare, 2001).
2.13 Functional performance test

The functional performance test (FPT) is defined as a general test for assessing
the functional ability of patients with suspected CAI. The test has the benefit of being
inexpensive, quick, and accessible in clinical and field settings. The FPT typically
consists of sports activities, such as hopping, jumping, and cutting and was found to
be effective typically involves single limb hop manoeuvres, which challenged the
lateral aspect of the ankle

Various functional tests have been developed for assessing functional ability in
those suffering from CAIL. Among them, the side hop test (SHT) is the most useful
tool for assessing the functional limitation of the ankle joint and is able to
discriminate between those with CAIl and healthy individuals (Rosen et al., 2017).
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SHT is defined as hopping side to side on one leg; moreover, landing on the lateral
side causes inversion moment in SHT. A previous study reported that time of SHT in
an injured side is significantly longer compared with an uninjured side (Linens et al.,
2014)



CHAPTER Il
METHODOLOGY

This study was an experimental research. A detail of a study design and setting,
sample size calculation, instrumentations, procedures, outcome measurements, and
data analysis were as follow:

3.1 Study design

This study uses a single-blinded randomized controlled trial design. The study
involved three testing sessions before (pretest), after 4-weeks (posttest-1) and 6-weeks
(posttest-2) intervention. The data were collected from March to July 2021. This
study was conducted in the laboratory at Faculty of Sports Science, Chulalongkorn
University, Thailand and at Burapha University, Chonburi province, Thailand.
3.2 Sample population

The subjects (both male and female) aged between 18 and 23 years were
recruited for the study. They were a member of the Burapha University athletes team
(rugby, football, volleyball, handball, and basketball players) and had at least 1-year
competitive experienced. They also participated in regular training programs
supervised by coaches for at least 3 day per week. The subjects were screened
whether they had chronic ankle instability by a certified and experienced physical
therapist. All subjects were explained about procedures, benefits, and risks of the
study and requested to sign an informed consent before participation in the study.

3.2.1 Inclusion criteria
Subjects were included in the study if they had
- a history of only unilateral lateral ankle sprain occurred at least
12 months prior to study enrollment (Hale et al., 2007).
- a history self- reported of giving way and/or feelings of ankle
instability of the involved ankle during activities of daily living
(ADL) and/or sporting activities for at least 6 months (Jaber,
Lohman, Alameri, et al., 2018)
- no history surgery of hip, knee, and ankle and a history of the
following musculoskeletal disorders: rheumatoid arthritis, avascular

necrosis or osteonecrosis, severe osteoarthritis (Ladlow et al., 2017)
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- a score <24/30 on CAIT (Donahue et al., 2011; Hiller et al.,
2006)

3.2.2  Exclusion criteria
Subjects were excluded from the study if they
- a history of bilateral ankle instability and exhibit pathological
joint laxity (a positive result on the talar tilt test or anterior drawer
test) (Hale et al., 2007)
- had less than 90 % of their participation in training program or
missing more than 2 out of 18 sessions in total
- refused to continue in the study
3.3 Sample size calculation
The sample size was calculated using a power (1-5) of 80%, an alpha («) of
0.05, and effect size (ES) of 0.32, based on a previous study (Martin-Hernandez et
al., 2013) and was performed by using G*Power 3.1.9.2 statistical program. A
minimum of 18 subjects was suggested to be sufficient. To prevent a possible drop
out (20%), the total of 28 subjects (n=14/group) was required.
3.4 Ethical approval
Before the experiment, the subjects were explained about procedures, benefits,
safety, and any potential adverse effect associated with blood flow restriction and
rehabilitation program. If they agreed to participate in the study, they were asked to
sign a written informed consent before the beginning of study. The protocol was
approved by The Research Ethics Review Committee for Research Involving Human
Research Participants, Chulalongkorn University, Thailand (COA NO. 017/2021) and
conformed to the standards set by the Declaration of Helsinki.
3.5 Procedures
3.5.1 The researcher contacted a head coach in various sports disciplines for
recruiting the potential subjects of the present study via social network services and
on a bulletin board at the Sport Association of Burapha University, Faculty of Sports
Science, and Faculty of Allied Health Sciences, Burapha University, Thailand.

3.5.2 All participants were asked to complete the questionnaires and were
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screened if they met the inclusion criteria before enrolling for the study. The subjects
who met inclusion criteria and agreed to participate in the studywere asked to sign an
informed consent before the start of study.

3.5.3 Then, the purposes, experimental procedures, risks and benefits of the
study were clearly explained to participants.

3.5.4 Appointment requests were made by a telephone call from the principal
researcher. This research was conducted in the laboratory at Faculty of Sports
Science, Chulalongkorn University. The participants wore a casual attire (T-shirt,
shorts, and sneakers) for pre- and post-test.

3.5.,5 All dependent variables including strength of both hip extensor, hip
abductor, ankle invertor/evertor, and ankle dorsiflexor/plantar flexor using isokinetic
dynamometer, peroneus longus muscle CSA using ultrasound imaging, EMG activity
using surface electrodes, Y balance test using a force platform, and functional
performance using a side hop test were measured before and after intervention. The
participants were rested 5 minutes between tests prior to starting the next test.

3.5.6 Then, the subjects were randomly allocated to the BFR+R or the R
group based on their age, sex, and type of sport.

3.5.7 The subjects were ask not to participate in any training program, except
for a regular training program (every other day, 3 sessions per week, 6 weeks) at
Medical Science Building Floor 2, Department of Physical Therapy, Faculty of Allied
Health Sciences, Burapha University, Thailand.

3.5.8 The subjects began with 5-min warm up (dynamic stretching exercise of
lower limb muscles), followed by a supervised specified rehabilitation program for 30
minutes.

3.5.8.1 BFR training
3.5.8.1.1 Blood flow restriction pressure calculation
A pneumatic occlusion cuff (Large STRAIGHT Cuffs:
HS1003, H Plus cuff, Santa Barbara, California, USA) of 75 cm length and 10 cm
width was used for BFR training. The participants were asked to lie in a supine
position and rest for 5 minutes. Then, a BFR cuff was attached to the injured side at
proximal thigh (inguinal fold region) and a handheld portable doppler probe (SD3

Vascular, Edan Instrument, Inc., Shenzhen, China) was used to measure the
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participant’s posterior tibial artery (Postero inferior to the medial malleolus) at the
injured side (Figure 26). The tourniquet was gradually inflated until to the point
where an arterial pulse was absence (Figure 27). This was defined as the complete
limb occlusion pressure (LOP). In this study, a partial vascular occlusion (80% of the

LOP) was used throughout the duration of the BFR training according to the previous

studies of Lixandrao et al. (2015) and Tennent et al. (2017) with some modifications.

N oy

Figure 26 Location of BFR cuff in proximal thigh and measurement of posterior

tibial artery

Figure 27 Blood flow restriction pressure calculation

3.5.8.1.2 Blood flow restriction training
All participants were familiarised with a
supervised rehabilitation program with a BFR device, which were not inflated. The
participants performed a standard warm-up, consisting of a dynamic stretching
exercise both hip extensors, hip flexors, hip adductors, hip abductors, knee flexors,
knee extensors, ankle dorsiflexors, and ankle plantarflexors. This dynamic stretching
was consisted of 8 repetitions for each side of each muscle for 30 second and 20
second period of rest, total time 5 mins. (Chaouachi et al., 2009; Behm et al., 2011).
All participants were familiarised with the
rehabilitation program with a BFR device, which were inflated. The participants
performed a rehabilitation program at injured side on Monday, Wednesday, and
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Friday between 9.00 a.m. to 6 p.m. for 30 minutes with an inflation of BFR cuff
throughout the session to the prescribed pressure in the resting position of the exercise
(Figure 28-34). All exercises were repeated at each set.

Table 5 Supervised rehabilitation program
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Figure 28 Double leg heel raise
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3.5.8.2 Rehabilitation program
A 6-week of a 40-minute rehabilitation program,
consisting of 6 tasks, were performed between 9.00-12.00 a.m. or 13.00-16.00 p.m.)
on Tuesday, Thursday, and Saturday. The intensity of the program was progressively
increased every week, as previously described (Table 4) without inflation of BFR cuff

throughout the session. All exercises were repeated at each set.

3.6 Outcome measurements

The outcomes measures were isokinetic ankle muscle strength, CSA of muscle,
muscle activity, dynamic balance, and functional performance. The procedure of each
measurement was described below.

3.6.1 Isokinetic muscle strength

The isokinetic dynamometer (CON-TREX MJ, TP module, Physiomed
Elektromedizin AG, Schnaittach, Germany) was used to determine the average peak
torque to body weight (APT/BW) ratio of both eccentric and concentric strength of
both hip extensors, abductors, ankle dorsiflexors/plantarflexors, and ankle
evertors/invertors for 2 hours.
3.6.1.1 Ankle isokinetic strength testing
The isokinetic strength was tested in both ankles

invertors/evertors and plantarflexors/dorsiflexors. The reliability of isokinetic
variables for assessing muscle strength of ankle dorsiflexor (intra-class correlation

coefficient of 0.77 to 0.93) and ankle plantarflexor (intra-class correlation coefficient
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of 0.78 to 0.95) has been reported (McKnight & Armstrong, 1997). All practices and
testings were performed at the angular velocity of 60°.s. The angular velocity of
60°.s has been commonly used to assess lower limb strength of patients with CAI
(Gribble & Robinson, 2009). The subjects were seated in a semi-recumbent position
with harnesses across the lap and trunk to limit compensatory total body movements
and asked to cross their arms in front of the chest. The lower leg (injured side) was
stabilized with Velcro® straps to maintain a position of ipsilateral knee flexion 20°-
30° of both eccentric and concentric contraction of ankle dorsiflexor/plantar flexor,
while ankle evertor/invertor strength were seated in a semi-recumbent position with
ipsilateral knee flexion 30°-45°. The subject using sport shoes was positioned in the
physiomed footplate to achieve 20° of plantarflexion at the talocrural joint whereas
the subtalar joint was positioned in neutral with the axis of the dynamometer aligned
to transect the sagittal axis of the joint. The foot on the footplate was stabilized with
thermoplastic stays positioned on the medial and lateral borders of the forefoot-
midfoot and secured to the footplate with two Velcro® straps (Fig 35-36). Before
testing, 3 practice repetitions of sub-maximal and 3 practice trials of maximal
contractions were performed to allow familiarization with testing protocols. After a 2
minute rest, 3 continuous repetitions throughout the active range of motion of
maximal both eccentric and concentric contraction was performed by the reciprocal
muscles of a joint in a given movement direction. A 5 minute rest was considered
between each test condition of ankle strength and each side to allow adequate
recovery between contractions. Each of the 3 maximal trials under each testing for
both the injured and non-injured of all ankles was recorded using the Physiomed
Software Package for peak torque calculations. The highest peak torque value was
recorded for each of the 3 repetitions and the average of these values was considered
as APT (Negahban et al., 2013).

In the current study, the intra-class correlation coefficient
(ICC) for the ankle dorsiflexor, ankle plantarflexor, ankle evertor, and ankle invertor
was 0.98, 0.87, 0.97, and 0.96, respectively.
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Figure 36 Positioning for the ankle inversion and eversion testing

3.6.1.2 Hip isokinetic strength testing
The isokinetic strength was tested in both hip extensors
and abductors. Isokinetic testing of the hip extensors and abductors were performed at
the angular velocities of 60°.s™ for both eccentric and concentric contraction as
previously described (Gribble & Robinson, 2009).

The subjects performed 3 continuous repetitions
throughout the active range of motion for both maximal eccentric-and eccentric
contractions. The average peak torque to body weight (APT/BW) ratio for both
eccentric and concentric strength of hip extensor were assessed with the subjects in
the trunk flexed to 90° and their arms were wrapped around the chair of the
dynamometer to stabilize the trunk. The axis of rotation for the dynamometer was

aligned with the greater trochanter of the femur on the test leg, whereas the lever arm
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was applied resistance on the posterior thigh just superior to the knee. The non-test
leg was supported by body of the subjects. Before testing, 3 practice repetitions of
sub-maximal and 3 practice trials of maximal contractions were performed to allow
familiarization with testing protocol. After a 2-minute rest, the subjects were
instructed to exert maximal strength against the dynamometer in the direction of hip
extension, while keeping the knee flexed at 90° 3 continuous repetitions. The
eccentric and concentric torque of hip extensors was tested from 90° to 60° of hip
flexion (Figure 37). A 5-minute rest was considered of each side to allow adequate

recovery between contractions.

Figure 37 Positioning for the hip extensors testing

For both hip abductors, the subjects with a side lying
position and the test leg on top of the non-test which was stabilized with Velcro®
straps. The dynamometer axis of rotation was aligned medial to the anterior superior
iliac spine (ASIS) at the level of the greater trochanter on the tested leg, whereas the
lever arm was applied resistance to the lateral aspect of the distal thigh superior to the
lateral femoral condyle.

Before testing, 3 practice repetitions of sub-maximal
followed by 3 practice trials of maximal contractions were allowed for familiarization
with testing protocol. After a 2-min rest, the subjects were instructed to exert maximal
strength against the dynamometer in the direction of hip abduction 3 continuous
repetitions. The torque of the hip abduction was tested both eccentrically and
concentrically from 0° to 20° of hip abduction (Figure 38). A 5- minute rest was

allowed to adequate recovery between contractions for each side (Boling et al., 2009).
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In the present study, the intra-class correlation coefficient

(ICC) for the hip extensor and abductor were 0.96 and 0.92, respectively.

'S

Figure 38 Positioning for the hip abductors testing
3.6.2 Cross-sectional area of muscle

The cross-sectional area (CSA) of fibularis longus muscles from injured
and non-injured sides were measured using B-mode ultrasound imaging system (M5
series, Shenzhen Mindray Bio-Medical Electronics Co., China) with a 3.5-13 MHz
range linear transducer, and linear array probe with 38 mm probe surface length and
frequency of 8 MHz (7L4s, Shenzhen Mindray Bio-Medical Electronics Co., China)
(Lobo et al., 2016). The ultrasound imaging was performed with the subjects in
supine position with about 20°- 45° knee flexion of injured side (Figure 39). The skin
was cleaned by using an isopropyl alcohol before the placement of probe. The probe
location was marked at the midpoint between the upper part of the fibular head and
the inferior border of the fibular malleolus of injured side (Silvestri et al., 2015).
Then, the ultrasound gel was applied to skin before placing probe. The probe was
positioned perpendicular to a drawn line, with a clear image of fibularis longus
muscle (Figure 39). The image was captured and the average CSA of three repetitions
were calculated. The image processing and analysis of fibularis longus muscle were
used the image J software version 1.51 (the National Institute of Health, USA), which
CSA (cm?) was captured from the image of ultrasound machine. The CSA was
measured for area by tracing muscle border. A 5 minute rest was considered of each
side for next side measurement.

In the present study, the preliminary results indicated good reliability,

with an ICC of 0.98.
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Figure 39 An example of cross-sectional area of fibularis longus muscle

3.6.3 EMG activity recording

The activity of the both hip and ankle muscles that contribute to sagittal
plane stability (gluteus maximus and tibialis anterior) and frontal plane stability (i.e.
gluteus medius and peroneus longus) were recorded using a wireless surface
electromyography (Mini Wave Infinity, Cometa srl, Italy). The EMG signal was
recorded at a sampling rate of 1000 Hz using Qualisys track manager 2.13 (Qualisys,
Gothenburg, Sweden). The Myoresearch-XP 3.8.2 software was used for data
acquisition and analyses. Surface electrodes were placed parallel to the muscle fibers
over the midsection of the muscle bellies in accordance with the Surface
Electromyography for the Non-Invasive Assessment of Muscles (SENIAM)
guidelines. Prior to electrode placement, the skin over electrode sites was shaved if
the skin was covered with hair. After that, the skin was cleaned by using an isopropyl
alcohol before the placement of surface electrodes. The disposable standard Ag/AgCl
electrodes (Blue-Sensor, Ambu A/S, Ballerup, Denmark) was attached over each
muscle of injured side and secured using a flora tape. The researcher or a research
assistant who had the same sex as the participants attached the surface electrodes on
each muscle examined. In briefly, the gluteus medius electrode was placed one half of
the distance between the iliac crest and the greater trochanter (Figure 40A), while the
gluteus maximus electrode was placed midway between the second sacral vertebrae
and the greater trochanter (Figure 40B). Tibialis anterior electrode was placed at one-
third the distance of a line between the head of the fibula and the medial malleolus
(Figure 41A), while peroneus longus electrode was placed on the line between the

head of the fibula to the lateral malleolus, approximately 4 cm. distal to the fibular
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head (Figure 41B). Electrodes and EMG sensors were further secured to the skin with

a flora tape to prevent slippage during testing and minimize movement artefacts.

Figure 40 A) A gluteus medius electrode placement and B) A gluteus maximus
electrode placement

Figure 41 A) A tibialis anterior electrode placement and B) A peroneus longus
electrode placement

The maximum voluntary isometric contraction (MVIC) for each
muscle was recorded for normalization process. For the gluteus medius muscle, the

subject’s position in side-lying on the untested leg with the tested leg in fully
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extended, while hip and knee of the untested leg will slightly flex 30° and manual
resistance were applied to the distal thigh (Boren et al., 2011). For the gluteus
maximus muscle, the subjects were positioned in a prone lying with knee of the tested
flexion 90° and the opposite knee positioned in extension, while manual resistance
was applied to the distal thigh (Contreras et al., 2015). For the tibialis anterior
muscle, the subjects were allowed to sit on the edge of the bed with knee flexion 90°
to provide maximum resistance to ankle dorsiflexion and inversion. Manual resistance
was applied on the dorsum on the medial border of the foot. For the peroneus longus,
the subjects were allowed to sit on the edge of the bed with knee flexion 90 °and ankle
in neutral position during dorsiflexion and plantar flexion to provide maximum
resistance to ankle plantar flexion and eversion, while manual resistance was given to
dorsum on the lateral border of the foot. The subjects were instructed to avoid
explosive contraction and to increase their effort gradually to their maximum once
they hear the signal “Go”. After which, the subjects were hold maximum contraction
for 5 seconds, 2 repetitions with a rest period for 30 seconds between set and verbal
encourage from the examiner was performed. Following MVIC testing of each side,
the subjects were rest for 5 minutes. Then, the subjects were received MVIC testing
of noninjured side. Finally, finishing MVIC testing of both sides, the subjects were
rest for 5 minutes. Afterwards, the subjects were instructed to stand barefoot on the
tested leg for YBT.

EMG data were analyzed using MyoResearch-XP 3.8.2. A
digital band-pass filter (Lancosh FIR) was set between 20 and 500 Hz. Raw EMG
signals were full-wave rectified and smoothed using root-mean-square algorithm with
a 50 ms time constant. Muscle activation was defined using the average of 3 s out of
the 5 s, which excluded the initial 1 s and final 1 s, and it was normalized by the
MVIC signal (%MVC) for each muscle from toe-off to touch down and returned to
the starting position of each YBT trial (Jaber et al., 2018).

3.6.4 Dynamic balance test
Balance was quantified by the magnitude of COP movement, YBT (three

directions), and reach distance in centimetre (cm). A force platform was applied to
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COP evaluates during the YBT and the center of the YBT grid were aligned with the
center of the force platform (Jaber, Lohman, Daher, et al., 2018).

The Y balance test (YBT) is employed for the measurement of
balance of both sides (injured and noninjured sides). The subjects stand on a single
leg with the involved limb, with hands on hips, and placed at the center of grid with
three lines in the specific anterior (A), posteromedial (PM), and posterolateral (PL)
directions. The angle between the PM and PL reach arms is 45° and between the A
and PM and PL reach arms is 135°. The subjects were instructed to reach out as far as
possible with his or her leg in the target direction without touching the tape or losing
balance. Thereafter, the subjects were return to the starting position and then repeat
the motion for continued practice (Figure 42). The YBT composite score was
calculated by dividing the sum of the 3 reaches distances in the A, PM, and PL
directions by 3 times the limb length (LL) of the individual, then multiplied by 100
{[(A + PM + PL)/(LL x 3)] x 100. The results were obtained in the form of a
percentage (Gribble & Hertel, 2003a). EMG and COP data were recorded
simultaneously during the test.

During the YBT test was collected data of COP measures including the
COP excursion sway area (95% ellipse area; mm?), mean sway velocity (mm/sec),
and path length (mm). During test, the area displayed the magnitude of dissemination
of COP trajectory, while average speed of COP movement was represented by velocity
and COP path length were the traveling distance of COP excursion from the starting
position to the maximal position of the COP during each test. During each reaching
trials from the movement participants lifted their limb until returned to the starting
position was recorded to data in three reaching trials in each direction at 100 Hz
(Jaber, Lohman, Dabher, et al., 2018). Finally, finishing YBT testing of both sides, the

subjects were rest for 5 minutes.
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Figure 42 The Y balance test (YBT) on force plate

3.6.5 Functional performance

The side hop test was used as a tool for assessing the functional
deficits of both sides (injured and non-injured sides) for 10 minutes. The subjects
stood on the tested leg and then jump from side to side as fast as possible
between 2 parallel lines placed 30 cm apart for a total of 10 times. A total time
required to complete 10 repetitions were recorded by one examiner with a
handheld stopwatch to the nearest 0.01 second. The test was completed twice,
and the best (shortest) time was used for analysis (Linens et al., 2014; Madsen et
al., 2018). Following the side hop testing of injured side, the subjects were rest

for 5 minutes before next side test (non-injured side) (Figure 43).

30 cm

Figure 43 Illustrating the side hop test



3.7 Scope of the current study
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3.8 Data analysis

Data were expressed as mean (standard deviation) and frequency (percentile).
The Sharpiro-Wilk test was used for testing normality of data. The student t-test was
used to compare the demographic data. A 2 (group) x 3 (time) repeated measure
ANOVA was used to determine the main interaction of dependent variables within
the group (pre-training vs. post-training) and between the groups (BFR+R vs. R).
When a significant interaction was indicated, the Bonferroni correction and
independent t test were applied for post hoc analysis where appropriate. Effect sizes
were calculated with regard to n?, with values of 0.25, 0.09, and 0.01 corresponding to
large, medium, and small effect, respectively (Jung, 2020). A P-value <0.05 was

considered statistically significant.



CHAPTER IV
RESULTS

An analysis of data including demographic data, isokinetic muscle strength,
CSA of muscle, EMG activity, dynamic balance (Y-balance test), and functional
performance before and after training within groups and between groups were shown

as follows

4.1 Demographic data

Thirty-seven athletes with CAI were screened for eligibility to participate in this
clinical trial. Nine athletes did not meet the inclusion criteria (six athletes had history
of bilateral ankle instability; two athletes had surgery of knee; and one athlete refused
to participate) and were excluded from the study. Therefore, a total of 28CAI athletes
with mean age 20.43+1.03 years (18 men and 10 women) participated in this study.
They were matched pair by age, sex, and CAIT scores and were randomly allocated to
either the BFR+R program group (n=14) or the R program group (n=14). After the
enrolment, 4 participants were dropped out (two from the BFR+R group and another

two from the R group). A detail of the procedures was summarized in Fig. 44.
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Figure 44 A flow chart of the participants
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Demographic characteristics of participants included sex, age, weight, height,

body mass index (BMI), CAIT scores, leg length, competition experience were shown

in Table 6. There was no significant difference between groups for any of the

variables assessed at baseline (P>0.05).

Table 6 Baseline characteristics of the participants.

Group
BFR+R program R program
(n=14) (n=14)

Sex,men:women 9:5 9:5
Age,years 20.50 + 1.02 20.36 £ 1.08
Weight (kg) 64.64 + 7.56 61.29 + 7.58
Height (cm) 171.93+7.13 170.14 + 7.14
Body Mass Index, kg/m? 21.80 £ 1.05 21.08 £1.10
CAIT scores

Injuried 17.79 £ 3.56 17.86 £ 3.01

Noninjuried 2743 +1.34 27.29+1.33
Leg length (cm)

Injured 81.30 £ 4.89 80.15+3.78

Non-injured 81.29 + 3.87 80.28 +2.79
Sports experience (years) 2.00+0.78 1.79 £ 0.58
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Values were presented as number, mean + standard deviation.
Abbreviations: BFR: Blood Flow Restriction; R: Rehabilitation; kg: kilograms; cm: centimetres; m: meters; LL:
leg length

4.2 Isokinetic muscle strength
4.2.1 Concentric and eccentric peak torque of hip extensor

Two-way ANOVA analysis indicated there was a significant main effect
of time, but not of group x time interaction for relative concentric and eccentric peak
torque of hip extensor in the injured side (P <0.001, n? =0.63 and P <0.01, n? =0.27,
respectively). A post hoc test revealed BFR+R group had a significant increase in the
mean values of relative concentric and eccentric peak torque of hip extensor over a 6-
week intervention (all P <0.05, n? >0.25) (Table 7). However, there was only a
significant increase in relative concentric peak torque of hip extensor (all, P<0.05)
following 4- and 6-week intervention in the R group (Table 7). Moreover, no
significant difference in any peak torque variables was observed in the non-injured
side (P >0.05) (Table 7).

4.2.2 Concentric and eccentric peak torque of hip abductor

A two-way ANOVA revealed there was a significant main effect of time,
but not of group and group x time interaction, for relative concentric and eccentric
peak torque of hip abductor in the injured side (P <0.001, n? =0.58 and P <0.01, n?
=0.27, respectively) (Table 7). A post hoc test demonstrated the mean value of the
relative concentric peak torque of hip abductor was significantly increased in both the
BFR+R (P <0.01) and R (P =0.01) groups over a 6-weeks intervention. Moreover,
there was a significant greater relative eccentric peak torque for hip abductor ( P
=0.02) in the BFR+R group than in the R group. However, no significant difference in
any peak torque variables was observed in the non-injured side (Table 7).

4.2.3 Concentric and eccentric peak torque of ankle dorsiflexor

A two-way ANOVA indicated there was a significant time main effect
for relative concentric and eccentric peak torque of ankle dorsiflexor (all, P <0.001, n?
=0.56 and n? =0.87) and a significant group x time interaction for relative concentric
and eccentric peak torque of ankle dorsiflexor in the injured side (P <0.01, n? =0.29
and P <0.001, n? =0.55, respectively) (Table 7). A post-hoc test revealed BFR+R

group had a significant improvement in the mean values of relative concentric and
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eccentric peak torque of ankle dorsiflexor (all, P<0.001, n? >0.25) following 4- and 6-
week intervention, whereas only a significant greater mean value of relative eccentric
peak torque of ankle dorsiflexor (P<0.01) was observed in R group following 6-week
intervention. Moreover, BFR+R group showed a significant greater relative
concentric peak torque of ankle dorsiflexor (P=0.04, n2>0.25) compared to R group
(Table 7). However, there was no significant difference in any peak torque variables
was observed in the non-injured side (Table 7).
4.2.4 Concentric and eccentric peak torque of ankle plantarflexor

Two-way ANOVA analysis demonstrated there was a significant time
main effect for relative concentric and eccentric peak torque of ankle plantarflexor
(all, P <0.001, n? =0.64 and n? =0.54) and a significant group x time interaction for
relative concentric and eccentric peak torque of ankle plantarflexor in the injured side
(P <0.001, 12 =0.42 and P =0.02, n? = 0.54, respectively). There was also a significant
time for relative eccentric peak torque of ankle plantarflexor (P <0.01) (Table 7). A
post hoc test revealed BFR+R group showed a significant improvement in the mean
values of relative concentric peak torque of ankle plantarflexor (all, P<0.001, n?
>0.25) following 4- and 6-week intervention and a significant greater relative
eccentric peak torque of ankle plantarflexor (P<0.001, n?>0.25) following a 6-week
intervention (Table 7). Additionally, BFR+R group displayed a significant greater
relative concentric peak torque of ankle plantarflexor (P=0.03, n?>0.25) than that of R
group following a 6-week intervention (Table 7). However, there was no significant
difference in any peak torque variables was observed in the non-injured side (Table
7).

4.2.5 Concentric and eccentric peak torque of ankle evertor

Two-way ANOVA analysis indicated there were significant time main
effect for relative concentric and eccentric peak torque of ankle evertor in injuried
side (all, P<0.001, n? >0.25 ) and group X time interaction for relative concentric and
eccentric peak torque of ankle dorsiflexor in the injured side (P<0.01, n? =0.64 and
P=0.03, n? = 0.19, respectively) (Table 7). However, there was only a significant time
main effect for relative concentric and eccentric peak torque of ankle evertor in the
non-injured side (all, P<0.01, n?> >0.09) (Table 7). Following 4- and 6-week

intervention, BFR+R group demonstrated a significant greater of the mean values of
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relative concentric and eccentric peak torque of ankle evertor (all, P<0.001, n? >0.25)
compared to baseline (Table 7). For the R group, however, there were significant
increases in relative concentric peak torque of ankle evertor (P<0.01) following a 6-
week intervention and a significant greater relative eccentric peak torque of ankle
evertor (P<0.01 and P=0.02, respectively) following 4- and 6-week intervention
(Table 7). However, no significant difference in any peak torque variables was
observed in the non-injured side (P>0.05) (Table 7).
4.2.6 Concentric and eccentric peak torque of ankle invertor

A two-way ANOVA analysis revealed there was a significant time main
effect for relative concentric and eccentric of ankle invertor in the injured side (all,
P<0.001, n? =0.57 and n? =0.50). There was also a significant time main effect for
relative eccentric of ankle invertor in the non-injured side (P<0.01, n? =0.20) .
Following 4- and 6-weeks intervention, BFR+R group showed a significant
improvement in the mean value of relative concentric peak torque of ankle invertor
(P<0.001) and a significant greater of the mean value of relative eccentric peak torque
of ankle invertor (P<0.001, n? >0.25) following a 6-week intervention (Table 7). For
the R group, there were significant increases in relative concentric and eccentric peak
torque of ankle invertor (all, P<0.01) following a 6-week intervention (Table 7).
However, no significant difference in any peak torque variables was observed in the
non-injured side (P>0.05) (Table7).
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4.3 CSA of muscle

Two-way ANOVA analysis revealed there were significant time main effect
(P<0.001, 2 =0.78) and group x time interaction (P<0.001, n? =0.67) for CSA of
fibularis longus in the injured side (Table 8). As shown in Figure 45A, the mean value
of the CSA of fibularis longus muscle was significantly increased (P<0.001) in
BFR+R group at 4- and 6- week intervention compared to baseline and the R group
(Figure 45A). However, no significant difference was observed in the non-injured
side (Figure 45B).

B) o
= N g
& # 5
5 # :
L | | =
D ' I * @
— 8 —
E 8 * E T EE BFR+R program
£ S % % =3 R program
g0
é" 6 - _g. 6 T
= =
s
| S 44
£ 1 Z
2 =
= 2 2
2 27 B
5 g
:E 0- § 0- T T —_
s < Pre 4 week 6 week
: Pre 4week 6 week S
@ P
© (&)

Figure 45 Mean and standard deviation of the CSA of injured and non-injured

fibularis longus muscle (A and B)

*: Significantly different from pre-intervention, P<0.05

" Significantly different from the R group, P<0.05

Table 8 Two-way ANOVA analysis for CSA of fibularis longus muscle during pre-

and post-training after 4- and 6- week intervention.

F P-value "

Group

Injured 1.89 0.18 0.08

Non-injured 0.14 0.71 0.01
Time

Injured 80.31 P<0.001* 0.78

Non-injured 0.99 0.36 0.04
Group x Time

Injured 48.51 P<0.001* 0.67

Non-injured 1.01 0.36 0.04

* Statistically significant for main effect or interaction, P<.05
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4.4 EMG activity
4.4.1 EMG activity of gluteus maximus during the YBT

As shown in Table 9, there was a significant time main effect (P<0.001, n?
=0.49, n? =0.52, and n? =0.66, respectively) on EMG activity of gluteus maximus
during YBT in anterior, posteromedial, and posterolateral directions, and a significant
group main effect (P=0.02, n?> =0.21) on gluteus muscle activation in posterolateral
direction. There was also a significant group x time interaction in anterior (P<0.001,
n? =0.15) and posterolateral (P<0.01, n? = 0.23) directions. Following 4 and 6-weeks
intervention, BFR+R group showed significant improvement in normalized EMG
activity of gluteus maximus in anterior (P=0.01 and P<0.001, respectively),
posteromedial (P<0.001 and P<0.01, respectively), and posterolateral direction
(P<0.001) compared to baseline, while R group showed a significant increase in
EMG activity of gluteus maximus during anterior (P=0.03 and P=0.03, respectively),
posteromedial (P=0.03 and P<0.01, respectively), and posterolateral direction
(P=0.04 and P<0.01, respectively) in the injured side (Figure 46). In addition, BFR+R
group showed a significant greater improvement in EMG activity of gluteus maximus
in anterior (P=0.02) following 6-week intervention, posteromedial (P=0.02) following
4-week intervention and posterolateral direction (P=0.02 and P<0.01, respectively)
after 4- and 6-week intervention compared to R group (Figure 46). However, no
significant differences in any variables were observed in the non-injured side (Figure
47).
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Figure 46 Mean and standard deviation of normalized EMG activity of injured
gluteus maximus muscle during the YBT
*: Significantly different from pre-intervention, P<0.05

Z Significantly different from the R group, P<0.05
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Figure 47 Mean and standard deviation of normalized EMG activity of non-injured

gluteus maximus muscle during the YBT
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Table 9 Two-way ANOVA analysis for normalized EMG activity of gluteus

maximus during the YBT between groups at pre-, 4, and 6weeks post-intervention.

Group Time Group x Time
P-value F o P-value F n? P-value F n?

Anterior

Injured 0.22 159  0.07 <0.001* 21.29 0.49 <0.001* 1.97 0.15

Non-injureid  0.84 0.04 0.00 0.49 0.62 0.03 0.11 2.56 0.10
Posteromedial

Injured 0.05 417  0.16 <0.001* 2351 0.52 0.43 0.76 0.03

Non-injured  0.47 054 0.02 0.87 0.05 0.00 0.62 0.33 0.01
Posterolateral

Injured 0.02* 6.23 0.21 <0.001*  46.02 0.66 <0.01* 7.25 0.23

Non-injured  0.61 026 0.01 0.24 1.45 0.06 0.75 0.18 0.00

* Statistically significant for either main effect or interaction, P<.05

4.4.2 EMG activity of gluteus medius during the YBT

A two-way ANOVA analysis revealed there was significant time main
effect (P<0.001, n? =0.57, n? =0.71, and n? = 0.72, respectively) for normalized EMG
activity of gluteus medius during YBT in anterior, posteromedial, and posterolateral
directions and a significant group x time interaction for normalized EMG activity of
gluteus medius in posteromedial (P=0.04, n> = 0.16) and posterolateral (P=0.03, n?
=0.15) directions (Table 10). Compared to baseline, BFR+R group revealed a
significant improvement in EMG activity of gluteus medius in anterior (P<0.01 and
P<0.001), posteromedial (P<0.001), and posterolateral directions (P<0.01 and
P<0.001) over 6-week intervention (Figure 48). Similarly, R group showed a
significant improvement in muscle activation of gluteus medius during YBT in
anterior (P=0.03 and P=0.01) posteromedial (P=0.01 and P<0.01), and posterolateral
(P<0.01 and P<0.001) directions (Figure 48). However, BFR+R group displayed a
greater improvement in EMG activity of gluteus medius during YBT in anterior
(P=0.03), posteromedial (P=0.02) and posterolateral (P=0.04) directions compared to
R group after 6-week intervention (Figure 48). However, there were no significant

differences in any variables observed in the non-injured side (Figure 49).



Normalized EMG Activity (40VC)

Pre

Amnterior

Normalized EMC Activity (40VC)

4 week 6 week

Posterclateral

Normalized EMG Activity (#64VC)

Posteromed:al

i

Pre 4 week

Pre 4 week & week

]

6 week

76

I EBIR+R progs
= R program

Figure 48 Mean and standard deviation of normalized EMG activity of injured

gluteus medius muscle during the YBT

*: Significantly different from pre-intervention, P<0.05

i’ Significantly different from the R group, P<0.05
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Figure 49 Mean and standard deviation of normalized EMG activity of non-injuried

gluteus medius muscle during the YBT

Table 10 Two-way ANOVA analysis for normalized EMG activity of gluteus

medius during YBT between groups at pre-, 4, and 6 weeks post- intervention.

Group Time Group x Time
P-value F n? P-value F n? P-value F IS

Anterior

Injured 0.18 1.95 0.08 <0.001*  30.00 0.57 0.09 2.96 0.12

Non-injured 0.77 0.08 0.00 0.84 0.05 0.00 0.51 0.47 0.02
Posteromedial

Injured 0.15 2.19 0.09 <0.001* 54.87 0.71 0.04* 4.27 0.16

Non-injured 0.48 0.52 0.02 0.41 0.84 0.04 0.62 0.34 0.02
Posterolateral

Injured 0.25 141 0.06 <0.001* 56.63 0.72 0.03* 3.93 0.15

Non-injured 0.37 0.84 0.04 0.17 1.92 0.08 0.16 1.98 0.08

*Statistically significant for either main effect or interaction, P<.05

4.4.3 EMG activity of fibularis longus during YBT

As shown in Table 11, there were significant time main effect (P<0.001,

n? =0.43, n? = 0.61, and n? =0.46, respectively) and significant group x time

interaction (P<0.01, n? =27, n? = 0.35, and n? =0.35, respectively) for normalized

EMG activity of fibularis longus during YBT in anterior, posteromedial, and

posterolateral directions. Compared to baseline, BFR+R group showed significant

increases in normalized EMG activity of fibularis longus during YBT in anterior
(P<0.001), posteromedial (P<0.01), and posterolateral (P<0.001) directions in the
injured side following 4- and 6-weeks intervention (Figure 50). In addition, BFR+R
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group showed a significant greater normalized EMG activity of fibularis longus
during YBT in anterior direction (P=0.04 and P=0.02, respectively) compared to R
group following 4- and 6-week intervention. Moreover, there was also a significant
greater normalized EMG activity during posteromedial (P=0.04), and posterolateral
(P=0.01) directions following 6 weeks of intervention (Figure 50). Nevertheless, there
was no significant difference in any variables observed in the non-injured side (Figure
51).
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Figure 50 Mean and standard deviation of normalized EMG activity of injured

fibularis longus muscle during YBT

*: Significantly different from pre-intervention, P<0.05

i Significantly different from the R group, P<0.05
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Figure 51 Mean and standard deviation of normalized EMG activity of non-injured

fibularis longus muscle during the YBT

Table 11 Two-way ANOVA analysis for EMG activity of fibularis longus during the

YBT between groups at pre-, 4, and 6 weeks post-intervention.

Group Time Group x Time
P-value F n P-value F W P-value F W

Anterior

Injured 0.08 3.41 0.13 <0.001* 16.61 0.43 <0.01* 8.06 0.27
Non-injured 0.96 0.002 0.00 0.89 0.11 0.00 0.57 0.46 0.02
Posteromedial

Injured 0.33 1.00 0.04 <0.001* 34.82 0.61 <0.01* 11.84 0.35
Non-injured 0.84 0.04 0.00 0.92 0.02 0.00 0.36 0.93 0.04
Posterolateral

Injured 0.09 3.23 0.13 <0.001* 18.89 0.46 <0.01* 11.85 0.35
Non-injured 0.87 0.03 0.00 0.43 0.85 0.04 0.92 0.08 0.00

*: Statistically significant for either main effect or interaction, P<.05
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4.4.4 EMG activity of tibialis anterior during YBT

A two-way ANOVA analysis indicated there were significant time main effect
(P<0.001, A; n? = 0.41, PM; n? =0.54, and PL; n? =0.42) and group X time interaction
for normalized EMG activity of tibialis anterior during YBT in all directions (A;
P=0.02, n? =0.18 , PM; P<0.001, n? = 0.31, and PL; P<0.01, n? = 0.33), whereas there
was only significant group main effect and for normalized EMG activity of tibialis
anterior during YBT in posteromedial (P<0.001) and posterolateral (P<0.01)
directions (Table 12). Compared to baseline, BFR+R group displayed significant
increases in normalized EMG activity of tibialis anterior during anterior (P=0.01),
posteromedial (P<0.001), and posterolateral direction (P<0.001) following a 4- and 6-
week intervention (Figure 52). In addition, BFR+R group showed a significant greater
improvement in normalized EMG activity of tibialis anterior during anterior direction
(P=0.02) following a 6-week intervention and during posteromedial (P<0.01 and
P<0.001) and posterolateral directions (P<0.01 and P<0.001) compared to R group at
4- and 6 week of intervention (Figure 52). However, no significant differences in any

variables were observed in the non-injured side (Figure 53).
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Figure 52 Mean and standard deviation of normalized EMG activity of injured

tibialis anterior muscle during the YBT
*Significantly different from pre-intervention, P<0.05

TSignificantly different from the R group, P<0.05
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Figure 53 Mean and standard deviation of EMG activity of non-injured tibialis

anterior muscle during the YBT

Table 12 Two-way ANOVA analysis for EMG activity of tibialis anterior during the

YBT at pre-, 4, and 6 weeks post-interventions.

Group Time Group x Time
P-value F n? P-value F n? P-value F n?

Anterior

Injured 0.15 2.27 0.09 <0.001* 15.36 0.41 0.02* 4.90 0.18

Non-injured  0.73 0.13 0.00 0.16 1.99 0.08 0.83 0.10 0.00
Posteromedial

Injured <0.001* 17.86 0.45 <0.001* 25.77 0.54 <0.001* 9.83 0.31

Non-injured  0.88 0.02 0.00 0.26 1.40 0.06 0.61 0.49 0.02
Posterolateral

Injured <0.01* 14.84 0.40 <0.001* 15.65 0.42 <0.01* 10.66 0.33

Non-injured  0.83 0.05 0.00 0.06 3.00 0.12 0.52 0.67 0.03

*Statistically significant for either main effect or interaction, P<.05
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4.5 Dynamic Balance
4.5.1 Composite scores and YBT reach distance

As shown in Table 13, there was a significant main effect for composite
scores and reaching distance in all directions (C; P < 0.001, n? = 0.96, A; P < 0.001,
n? = 0.95, PM; P < 0.001, n? = 0.88, and PL; P < 0.001, n? = 0.89) and a significant
time x group interaction for reaching distance in all directions during the performance
of YBT (C; P < 0.001, n? = 0.52, A; P <0.001, n? = 0.54, PM; P < 0.01, n? = 0.30,
and PL; P < 0.01, n?> = 0.25). Both BFR+R and R groups exhibited significant
improvements in YBT composite scores and reaching distances in all directions over a
6-week intervention (all P < 0.05).

4.5.2 COP postural sway during YBT

There was a significant time x group interaction for mean sway velocity
observed during YBT across directions (A; P < 0.01, n? = 0.24, PM; P = 0.01, n? =
0.21, and PL; P < 0.001, n? = 0.61, respectively). In addition, there was a significant
time main for mean sway velocity during YBT in all directions (A; P < 0.001, n? =
0.79, PM; P <0.001, n? = 0.92, and PL; P < 0.001, n? = 0.93, respectively). Similarly,
there a significant time main effect for the mean 95% confidence ellipse area during
YBT observed across directions (A; P < 0.001, n? = 0.88, PM; P < 0.001, n? = 0.89,
and PL; P < 0.001, n? = 0.79, respectively), and a significant time x group interaction
of the mean 95% confidence ellipse area observed in the anterior (P = 0.01, n? = 0.21)
and PM (P = 0.02, n? = 0.19) directions. Moreover, there was a significant time main
effect and a significant time x group interaction for path length during YBT observed
in all directions (A; P < 0.001, n? = 0.83, PM; P < 0.001, n? = 0.83, and PL; P <
0.001, n? = 0.81, respectively). No significant differences between groups in all COP

measures during YBT were observed regardless of time (Table 13).
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4.6 Side Hop Test (SHT)

A two-way ANOVA analysis indicated there were significant time main effect
(P<0.001, n? = 0.73) and group x time interaction (P<0.01, n? =0.25) for SHT (Table
14). Following a 4- and 6-week intervention, both BFR+R and R groups showed
significant improvements in the mean values of SHT (P<0.001 and P=0.01) compared
to baseline, with greater improvement (P=0.02) was observed in the BFR+R group
versus the R group (Figure 54A). Nevertheless, no significant difference in SHT was

observed in the non-injured side (Figure 54B).
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Figure 54 Mean and standard deviation of the SHT of injured and non-injured
fibularis longus muscle (A and B)
*: Significantly different from pre-intervention, P<0.05

" Significantly different from the R group, P<0.05

Table 14 Two-way ANOVA analysis for SHT timed performance at 0, 4 and 6
weeks of intervention between groups.

Group Time Group x Time
F P-value W F P-value W F P-value W
SHT
Injured 2.09 0.16 0.09 60.67 <0.001* 0.73 7.33 <0.01* 0.25
Noninjured 0.03 0.86 0.00 0.69 0.51 0.03 0.21 0.81 0.01

*Statistically significant for either main effect or interaction, P<.05



CHAPTER V
DISCUSSION AND CONCLUSION

This was the first study to examine the effectiveness of supervised
rehabilitation program with or without BFR on muscle strength, CSA, EMG activity,
along with dynamic balance and functional performance in athletes with CAIl. We
herein reported the additional benefit of BFR +R program on muscle strength,
especially in eccentric isokinetic strength of ankle evertor as early as 4 weeks
following intervention and concentric isokinetic strength of hip extensor and hip
abductor after -4- and 6-week intervention-. These changes were concomitant with
significant increases in EMG activity in all muscles examined, increased CSA of
fibular longus, and improved SHT timed performance but did not further improved
the performance of YBT and COP measures in all directions following 6-weeks
intervention in athletes suffering CAIl compared with the R alone. A detail of

discussion for the present finding was as follow.

5.1 Effect of BFR+R on isokinetic muscle strength
Compared to baseline BFR+R group exhibited significant increases in
concentric isokinetic strength of hip extensor, hip abductor, ankle dorsiflexor, ankle
plantarflexor, ankle evertor, and ankle invertor following 4- and 6-weeks intervention
and large effect size, whereas the R group only showed improvements in concentric
isokinetic strength of hip extensor and hip abductor following 4-week intervention
and improvements in concentric of hip extensor, hip abductor, ankle evertor, and
ankle invertor following 6-weeks intervention. Additionally, the BFR+R group
elicited greater improvements in eccentric isokinetic strength of hip extensor, ankle
dorsiflexor, and ankle evertor after 4-week intervention and eccentric isokinetic
strength of hip extensor, hip abductor, ankle dorsiflexor, ankle plantarflexor, ankle
evertor, and ankle invertor following 6-week intervention compared to the R group.
These findings supported our hypothesis and were congruent with findings of
others (Kawada & Ishii, 2005 ; Mattacola & Dwyer, 2002). In this study, we used
rehabilitation program involving neuromuscular rehabilitation with closed chain

exercises as previously described by Jaber et al. (2018). These program consisted of
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concentric and eccentric contraction demand from gluteus maximus, gluteus medius,
fibularis longus, gastrocnemius, and tibialis anterior, which were muscular co-
contraction to help improve ankle joint stability (Jaber, Lohman, Alameri, et al.,
2018). Moreover, squat was chosen as a closed chain exercise because it represents a
common and multiple joints movement in which concentric of gluteus maximus and
gastrocnemius muscles in lifting phase and eccentric of tibialis anterior in lowering
phase including stabilize from gluteus medius and minimus muscles. In addition,
activities lumbar multifidus, gluteus medius, and gluteus maximus were markedly
increased on instable support during squat exercise training for 6 month (Choi et al.,
2015). Similarly, Wang et al. (2021) also reported an improvement of concentric
strength of ankle eversion following 6 weeks of dynamic balance training in patients
with recurrent ankle sprain. Furthermore, in college students with functional
instability, 6 weeks of balance training with double legged and single legged heel
raises have been shown to increase proprioception and strength ankle joint
(O’Driscoll et al., 2011).

Contrary to previous findings, however, our study showed that as early as 4
weeks of intervention could improve muscles strength in both groups, especially there
was a trend toward greater gains in muscle strength in the BFR + R group compared
to the R group. The precise mechanism underlying BFR-induced strength gain in
those with CALl is currently unknown. Interestingly, however, two most recent studies
(Burkhardt et al., 2021) have demonstrated greater muscle activations during acute
resistance exercise or dynamic balance exercise with BFR in individuals with CAl
compared with the control (Burkhardt et al., 2021; (Killinger et al., 2020), whereas
Killinger et al. (2020) found that BFR produced greater gains in muscle strength in
tibialis anterior and fibularis longus than the control in individuals with CAI.
Nevertheless, in the current study we also found greater concentric isokinetic strength
in all muscles studied after BFR training over a 4-week period, with the BFR+R
group showed greater improvements in eccentric isokinetic strength of hip extensor,
ankle dorsiflexor, and ankle evertor after 4-week intervention and the eccentric
muscles strength were also improved after 6-week follow-up. In our study, closed
chain exercises were performed by concentric and eccentric demand from gluteus

maximus, gluteus medius, fibularis longus, gastrocnemius, and tibialis anterior, which
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were muscular co-contraction to help improve joint stability (Jaber et al., 2018). Close
chain exercise can improve lower limb muscle strength via stimulated
mechanoreceptors in the joint and increased muscle fiber and the number of motor
units increased during BFR training. This reduction in blood flow would create
hypoxic intramuscular environment, which in turn enhances muscle activations via
group Il and IV muscle afferents (Brandner et al., 2015). Additionally, the cortical
excitability at the primary control site of lower limb occlusion could have spilled over
to the proximal control site, thereby enabling the recruitment of greater muscle mass.
(Madarame et al., 2008; May et al., 2018; Patterson S. & Ferguson, 2010; Patterson &
Ferguson, 2011).

In present study, BFR+R group significantly increased isokinetic concentric
strength of ankle dorsiflexor and plantarflexor compared to R group. The trend
towards greater gains in muscle strength in the BFR + R group is consistent with a
previous report showing that BFR produced greater gains in muscle strength in tibialis
anterior and fibularis longus than the control in individuals with CAI (Killinger et al.,
2020). Both studies utilized similar exercise protocols (e.g., 30x15x15x15 reps) and
arterial occlusion pressure (Killinger t al., 2020). Nonetheless, while a previous study
used open-chain isometric contractions that specifically isolated and targeted each
muscle of interest, a double legged and single legged heel raises was utilized in the
present study. In addition, our study found that there was no significant difference in
concentric and eccentric muscle strength in the non-injured side. By contrast, May et
al. (2018) found improved arm strength in untrained from familiarity with 1-RM
efforts, however, no significant difference between experiment untrained and control
untrained. The previous study suggested that the remote strength transfer may not be

possible without the addition of a local mechanical tension (Madarame et al., 2008).

5.2 Effect of BFR+R on CSA of muscle

Our finding demonstrated that BFR+R group produced a greater hypertrophy of
fibularis longus compared with the R alone with large effect sizes following 4- and 6-
week intervention. To further quantify whether the strength gain after BFR training is

possibly due to hypertrophy, CSA of muscle was also determined. However, only
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fibularis longus muscle was chosen for CSA measurement because it plays a critical
role in ankle joint stability (Brockett & Chapman, 2016). Indeed, Lobo et al. (2016)
reported that the fibularis longus CSA was reduced in individuals with lateral ankle
sprain compared with those without lateral ankle sprain.  This finding was in line
with previous findings in patients with musculoskeletal (MSK) rehabilitation research
(i.e. anterior cruciate ligament reconstruction, knee arthroscopy, lower limb injury)
(Takarada et al., 2000; Ohta et al., 2003; Tennent et al., 2017; Ladlow et al., 2018).
For example, Takarada et al. (2000) reported that the CSA of knee extensors was
larger decreased in the control group than in the BFR training group during the
postoperative disuse atrophy. Moreover, Ohta et al. (2003) found that BFR training
(180 mmHg) with a range of lower limb exercise in patient with ACLR increased
strength and CSA of vastus laterallis muscle. In a more recent study, Ladlow et al.
(2018) also found that LL-BFR can result in significant hypertrophy adaptations in
both healthy adults and lower-limb MSK injured patients. Collectively, these findings
suggest a strong relationship between muscle hypertrophy and strength gain after BFR
training. There are several possible explanations for BFR training—induced muscle
hypertrophy. In one mechanism, the hypertrophic effects due to BFR training may be
mediated by the metabolite accumulations such as muscle and blood lactate due to
local hypoxia which in turn can stimulate metaboreceptors and group Ill and 1V
afferent fibers, resulting in increased sympathetic activity. (Schiaffino et al., 2013).
Second potential mechanism may involve increases in protein levels of IGF-1 which
may stimulate proliferation and fusion of satellite cells with existing muscle fibers
(Toigo & Boutellier, 2006). The vascular occlusion can create hypoxia which cause
the additional recruitment of motor units (Loenneke et al., 2012). The third
mechanism includes a down-regulation of myostatin gene expression that occlusion
training may induce muscle hypertrophy due to the repressed activity of myostatin
due to either hypoxia conditions or metabolite accumulation (Loenneke et al., 2012)..
However, since there was no significant difference in fibularis longus muscle CSA
observed in the non-injured side between groups, therefore, the BFR training induced
hypertrophy in the present study could be partly due to a direct local effect in the
restricted limb (May et al., 2018).
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5.3 Effect of BFR+R on EMG activity during Y-balance
Our finding that the EMG amplitude of FL and TA muscles were considerably
increased during the YBT in the BFR+R group than in the R group and large effect size
supported our hypothesis, which was consistent with the findings of previous reports. For
example, Killinger et al. (2020) examined the acute effect of BFR on muscle activation in
patients with CAl and demonstrated greater TA and FL activation during BFR with
isometric dorsiflexion and eversion exercises, respectively, compared with controls. By
contrast, Burkhardt et al. (2021) found no beneficial effects of BFR training on FL and TA
muscle activation during acute resistance exercise or dynamic balance exercise with BFR
in individuals with CAI compared with balance exercise alone. These different results may
be due to the differences in exercise protocol (isometric vs. dynamic exercise) and
duration (acute vs. chronic effect) employed among studies. Although the mechanism
underpinning this adaptive response is unclear, an increased recruitment of higher
threshold motor units (primarily composed of fast twitch fibers) after BFR+R training has
been suggested. In particular, previous studies have demonstrated that a reduction in
oxygen availability and metabolic accumulation induced by BFR training and exercise can
augment recruitment of fast twitch motor units possibly through the stimulation of group
Il and IV afferent to maintain force production, which increasing activation of higher
threshold motor unit and fiber types (Loenneke et al., 2011).
In addition, we found that the BFR+R group elicited greater activation of GM and
GD in all directions than the R group. This finding is in line with the report of other
studies. Recent studies have shown that BFR training not only results in greater activation
of distal muscles but also proximal muscles to the occlusion area (Bowman et al., 2019;
Dankel et al., 2016). The precise mechanism underlying this occurrence is unknown.
Theoretically, distal occlusion (proximal thigh) may cause muscle fatigue below the cuff
and recruitment of synergistic proximal muscles above the occlusion area (gluteal
muscles), which helps maintain pelvic stability and dynamic posture control (Madarame et
al., 2008).
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5.4 Effect of BFR+R on dynamic balance

In the current study, YBT was measured as an indicator of dynamic balance
before and after 4- and 6-week intervention. As expected, both groups showed
significant increases in YBT, sway velocity, 95% Confidence Ellipse Area, and path
length in all directions (anterior, posteromedial, and posterolateral) with medium and
large effect sizes, however, no statistical different were detected between groups. In
the present study, rehabilitation exercise was performed using both static stability (a
single leg standing on the floor and balance on Bosu ball) and dynamic stability (a
double/single leg standing with throwing and catching ball on Bosu, Y-balance
reaching) (Cruz-Diaz, Lomas-Vega, Osuna-Pérez, Contreras, & Martinez-Amat,
2015; Yu, Lin, & Shih, 2017). This program has been shown to significantly
improved SEBT in athletes with CAIl (Cruz-Diaz et al., 2015). Furthermore,
neuromuscular training has been shown to be effective in decreasing the rate of ankle
sprain in sports activities postural sway and can improve postural control via the
afferent and efferent information pathways (Huang, Chen, Lin, & Lee, 2014; Kidgell,
Horvath, Jackson, & Seymour, 2007). It is believed that this program could activate
afferent signals and sensory feedback from the ankle proprioceptors to the central
nervous system to improve sensorimotor function and maintain orientation during
activities. In addition, it can help in restoration of lack proprioceptive input from the
mechanoreceptors in the ankle joint. In support of the above mention, several studies
found that this proprioception/neuromuscular training can reduce injury rate (35-38%)
and improve the balance capability in which subjects (Eils, Schroter, Schroder, Gerss,
and Rosenbaum (2010) McGuine and Keene, 2006). By contrast, some studies found
no difference in any of the directions evaluated after the intervention (Boraoa,
Planash, Beltranb, & Corbib, 2015). This discrepancy in results may be due to the
different in the training protocol between studies. Indeed, this rehabilitation program
used only a relatively shorter than 6 weeks compared with previous studies (Jaber et
al., 2018; Cruz-Diaz et al., 2015; Boraoa, Planasb, Beltranb, & Corbib, 2015).

One possible explanation of improvements in dynamic balance seen in both
BFR+R and R groups could be attributed to significant improvements in muscle

strength and muscle activity during Y-balance of hip extensor and hip abductor
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muscles, which are involved with positioning of the femur though the kinetic chain on
the tibia and sub-sequent the ankle joint and play a crucial role for maintain postural
stability during weight bearing activities. Additionally, a good motor control of hip
joint might decrease the workload on the ankle muscles in order to maintain stability,
which may in turn lead to decreased recurrent injury. Accordingly, the potential
benefits of proximal muscles from this training strategy may facilitate return to sport-
specific exercises which challenges the balance. (Riemann et al., 2003; Webster and
Gribble, 2012).

Consistent to our finding, previous research has reported that dynamic balance
exercise with BFR induced large to small increases muscle activation of the vastus
lateralis and soleus muscles and increases in postural stability and exertion in
individuals with CAI (Burkhardt et al., 2021). This discrepancy in results may be due
to the differences in training protocols, testing modes, and subject’s characteristics
between studies. In the present study, the traditional ankle rehabilitation exercise,
consisting of the closed chain dynamic balance exercise, squat, double/single leg heel
raises, and double/single limb stance /throwing and catching on Bosu, were chosen
because there are more clinically relevant rather than a specific rehabilitation exercise
as previously described elsewhere. It is possible that, distal occlusion (proximal thigh)
may result in a fatigue of muscle below the cuff and the recruitment of synergistic
proximal muscles affect backflow into muscle above the area occlusion (gluteal
muscles) (Madarame et al., 2008), which helps maintain pelvic stability and control
femur movement for results positioning of the ankle and foot. Nevertheless, these
findings warrant future research into the potential use of BFR for dynamic balance

training.

5.5 Effect of BFR+R on functional performance test

Given that individuals with CAI typically report ankle giving way during
functional tasks, the SHT was evaluated as a measure of functional deficit related to
CAIl (Rosen et al., 2017). Our finding that only the BFR+R group showed a
significant improvement in timed performance during the SHT of injury side supports
our hypothesis, while no significant difference in the non-injured side. In addition, our

results were supported by large effect sizes. This finding is consistent with that of a
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previous study by Yoshida et al. (2018) who reported long performance time (worse)
of the involved limb during the SHT and a delayed muscle activity of fibularis longus,
tibialis anterior, and gastrocnemius muscles in patients with ankle sprain. The
explanation for such improvement is unclear, but it may be related to greater strength
gains in the BFR+R versus the R program. Correspondingly, Rosen et al. (2017)
reported that the SHT required greater fibularis longus and tibialis anterior muscle
activities as the weakness of these muscles have been associated with ankle sprains.
In addition, the fibularis muscle activity at lateral hop contact phase and tibialis
anterior muscle activity at lateral and medial hop contact phase were particularly
lower in the injured ankle (Yoshida et al., 2018). Therefore, our finding that the EMG
activities of gluteus maximus, gluteus medius, fibularis longus, and tibialis anterior
were significantly higher during Y-balance test along with greater strength gain after

BFR+R compared with R program could provide further stability to the ankle.
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Figure 55 The diagram illustrating the potential benefits of BFR training with
rehabilitation program on muscle strength, muscle hypertrophy, and functional
performance

5.6 Limitation of study

There were several limitations in the present study. First, the present study did
not include a BFR and a control group; thus, their synergistic effects were not
investigated. Second, considering the varying sport disciplines used in this study, the
result should be interpreted with caution and not be extrapolated to other athletic
populations. Third, the precise mechanisms underlying this BFR+R induced a
superior beneficial effect, are not fully elucidated; thus, further studies are required to
address this issue. Fourth, in this study, we did not include a follow up design;
therefore, the long-term benefits of the BFR+R program in athletes with CAI are
unknown. Lastly, whether this improvement in outcome measures directly translates

into to a lower risk of recurrent injury in athletes with CAI remains unclear.

5.7 Conclusion

Our results indicated that the inclusion of BFR+R training to traditional
rehabilitation program over a 4-week period in athletes with CAIl is more effective in
eliciting greater strength gain, hypertrophy of ankle muscles, and increased muscle
activation during Y-balance test compared with traditional rehabilitation alone. These
changes were concomitant with improved functional performance but no alteration in
dynamic postural control. This information may be used as an adjunctive therapeutic
treatment in developing rehabilitation program for athletes with chronic ankle

instability in clinical settings.
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Retrospective registration
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Tracking Information
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URL : 4 ' 0 2 22
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Ethics Review

1. Board Approval :
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Business Phone : 022183202 Ext. No Data
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Organization : Graduate School Chulalongkorn University
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the Faculty of Allied Health Sciences, Burapha University

Protocol Synopsis

Protocol Synopsis :

URL not available

Blood flow restriction (BFR) training has been shown to be effective alternative strategy in improving
muscle strength in patients with musculoskeletal disorders. The present study evaluated the effectiveness of
supervised rehabilitation program with and without BFR on muscle strength, cross-sectional area (CSA),
dynamic balance, and functional performance in athletes suffering CAI

Health Conditions

Health Condition(s) or Problem(s) Studied :

Keywords :

its functional benefits of conventional rehabilitation (R) combined with BFR in athletes with chronic ankle
instability (CAI) remain unknown

Chronic Ankle Instability, Occlusion, Hypertrophy, Y-balance, Side Hop Test

Eligibility
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Inclusion Criteria : they had a history of unilateral lateral ankle sprain occurred at least 12 months prior to study enrolment, a
history self- reported of giving way and/or feelings of ankle instability of the mvolved ankle during activities
of daily living and/or sporting activities for at least 6 months, and a score less than or equal 24/30 on the
Cumberland Ankle Instability Tool (CAIT)

Gender : Both
Age Limit : Minimum : 18 Years Maximum : 23 Years
Exclusion Criteria - a history of bilateral ankle instability and exhibit pathological joint laxity (a positive result on the talar tilt
test or anterior drawer test), a history of ankle fracture, surgery of hip, knee, and ankle, and a history of the
musculoskeletal disorders.
Accept Healthy Volunteers :  Yes
Status
Overall Recruitment Status : ~ Completed
Key Trial Dates ~ Study Start Date (First enrollment) : 01 March 2021 Indicate Type : Actual
Completion Date (Last subject, Last visit) : 30 June 2021 Indicate Type : Actual
Study Completion Date : 30 July 2021 Indicate Type : Actual
Design
Study Type : Interventional
Primary Purpose :  Treatment
Study Phase : Phase 1
Intervention Model : Parallel
Number of Arms : 2
Masking : Masked Masked Role : Allocation concealment, Subject,
Allocation : Randomized
Control : Active
Study Endpoint Classification : Efficacy Study

Sample size
Planned sample size : 28
Actual sample size at study completion : 28

Intervantion Arm 1
Intervention name : conventional rehabilitation (R) combined with BFR
Intervention Type : Experimental
Intervention Classification : Procedure/Surgery
Intervention Description : the BFR+R group was applied with a cuff around the proximal thigh at 80% of
arterial occlusion pressure in addition to conventional rehabilitation program

Intervantion Arm 2
Intervention name : Rehabilitation intervention
Intervention Type : Active Comparator
Intervention Classification : Procedure/Surgery
Intervention Description : For the R group, participants wore the BFR cuff similar to the experimental group
except there was no inflation.

Outcome

Primary Outcome
1. Outcome Name :

Metric / Method of measurement :

Time point :
Secondary Outcome
1. Outcome Name :

Metric / Method of measurement :
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The isokinetic dynamometer

The isokinetic dynamometer was used to determine the APT of hip extensor, abductor, ankle dorsiflexor
plantarflexor, and ankle evertor invertor muscles

baseline and at 4 week and 6 weeks after end of the intervention

The cross-sectional area (CSA)

The cross-sectional area (CSA) of fibularis longus muscle was measured using B-mode a diagnostic
ultrasound system
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Time point :

2. Outcome Name :

Metric / Method of measurement :
Time point :

baseline and at 4 week and 6 weeks after end of the intervention
dynamic balance
The Y balance test (YBT) was employed for determining a dynamic balance

baseline and at 4 week and 6 weeks after end of the intervention

Location
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Central Contact Backup First Name : Tossaporn

Degree :

Middle Name : Last Name : Werasirirat
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State/Province : Bangkok
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Postal Code : 10330

Middle Name : Last Name : Werasirirat
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Middle Name : Last Name : Werasirirat

Role : Principal Investigator

Section C : Contact for Public Queries (Responsible Person)

First Name : Phurichaya
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Official Role : Study Principal Investigator
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First Name : Phurichaya
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Summary Results
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Date of first journal publication of results :
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Deidentified Individual Participant-level Data Sharing

Plan to share IPD :
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wguvth uiuRuRu dawias sgrlidnAudatewin soadlildy
wn 90 997N WAING3 atﬂ.uumﬂnm Lidus Tnsueansaludnanti v
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71J‘7i 18 Single leg squats
1.3 vt 3 Double limb stance with throwing and catching on bosu fu
wsamuummaaw’xwu bosu Imu'lwmwuuuaqmuuu gntiu $u-da
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71JVI 9 msEwmmuLuaLLUULﬂaau1w3maenmmuamvﬁmdmﬂmaa
18 néudanseandouintu ﬂu'zn'mwua wisnuiuazearlnndnaiitn
Tudunin 30 R mnuuaa‘uawnaa ‘lwmal.mumku) (iUw 10)

sU*?i 10 maganduiionuuindeulmvesniuionseandeiniu

2. vnquuLﬂaﬂuTﬂmnsums?JnTmumi\JmnmJaaummﬁu.avuuanmaam

2INA7 80% waamsmnﬂmﬂwanﬂuiawmuuanusm Pntulinsauiy
I\JsunsumsWuv\\l, Usenousaevh Aeluil

2.1 vl 1 Double leg heel raises Bunsuinirawhidnsinsveslna Juvey

Trvvdoninfaidiftafuausiuns anfudamewitu-as vasi

TWhiansihanisansiuasmdinse vinvavum 4 e Usnaudasieni

1-6: 30/15/15/15 A%a N 30 unft (U 11)

‘gﬂﬁ 11 Double leg heel raises
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2.3 41791 3 Double limb stance on bosu 11iaWindzia Bunswiuunm
ansdnauu bosu "Lma’tumuuuagmuuu asthminfinansdrsliviniu
Wunan 10 3undi 5 a3 deem viwianun 5 wom Wn 30 Funi (an 13)

31]'/\ 13 Double limb stance on bosu
2.4 ¥i#t 4 Y-balence Buanimilnuundaiifimerdan Wdwlasan
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mumamuwm vnkuﬂ 5 a1 1 19m 4N 10 Fudi (sﬂw 14)

$UVI 14 Y balance AAnterior  B:Posterolateral C:Poteromedial
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davan Vit 5 m i 30 Jundl (§U1n 16)
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Uit 16 Smgle hmb stance on bosu

wmmmmwm‘uaesﬂuwmmn’uawnw 1-4 fail
1.1 vt 1 Single leg heel raises with weight (20%1RM) gunavinin
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weBanMMBLARsUAYURIATs viivan 4 wn Usznaudiolendi 1-
a: 30/15/15/15 A% Wn 30 Aunfl (Uil 17)

1J1n 17 Single leg heel raises with weight (20%1RM)

1.2 it 2 Slngle leg squats funavniravitisiheesiva 8 fuasiwiin
Uu‘i.l’\‘U'NVlMWU'\ﬁﬂﬂ’]W LLaSUU‘U’]“U%W]hJNWU’]Sﬁﬂ’]WIJ’WI’Nﬂ']UWU']
srufufunaunsanguth sty gewias egilifuane
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sy 100 v
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gﬂ'?i 18 Single leg squats
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gﬂﬁ 19 Double limb stance with throwing and catching on bosu
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14 vinft 4 Y-balance SuanihminuundhefifiweBanw Widuumegn
whagiifananveaduiianundaiu uasilawhasies Tngduihdrad
"szﬁwm‘éamwwlﬁlnaﬁamluﬁﬂﬁmwﬁﬁ Andnlndnatanunds way
wﬂmumamwaq favm 5 A 2 wm wn 10 3wt (s'dvn 20)

§‘U‘1‘7i 20 Y-balance A:Anterior B:Posterolateral C:Poteromedial

sUuuumstinuawiti 1- ¢ Angudriudlanviv 3

Juay 100 ym

#in 3 Y/
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o

uaaimuhvesgUuuumsinesidi 14 dil
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whihasvedlva Tneuaniminuundeiiiine sanw wazsew
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APPENDIX D
Information board
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APPENDIX E

Data screening form

APPENDIX D
Data screening form
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APPENDIX G

Instrument

1. Ultrasonography (M5 series, Shenzhen Mindray Bio-Medical Electronics Co.,
China)

2. Linear array probe with 38 mm probe surface length with a 3.5 to 13
MHz (7L4s, Shenzhen Mindray Bio-Medical Electronics Co., China)

N

3. A pneumatic occlusion cuff with sphygmomanometer (H Plus cuff,
USA)

4. A handheld portable doppler probe (Edan SD3 Vascular Doppler,
Shenzhen, P.R.China)
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5. Isokinetic dynamometers (CON-TREX MJ, Physiomed, Germany)
(Figure 31)

6. Bosu (Figure 33)

7. Medicine Ball
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8. Stopwatch

9. Goniometer

\
DIAGNOSTIC AND MEASURING ¢
INSTRUMENTS

e
o
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APPENDIX H

Dynamic stretching exercise protocol

The subjects were contracted the hip flexors with knee flexed and hip flexed
so that the thigh swing up to chest, hip flexors (iliopsoas): the subjects were take a big
step forward with non-stretched foot firmly on the ground and place arms gently on
non-stretched thigh and lean forward and hip extend with knee extend and lateral
bending to non-stretched with raised arm until feel a stretch in stretched side of hip
flexors muscle, hip adductors: the subjects were bend one knee (non-stretched) and
slide the hips of stretched to one side, hip abductors (gluteus medius): the subjects
were bend knee of non-stretched leg and taken stretched leg and cross it under and
behind, quadriceps: the subject were contracted the hamstrings and flexed knee so that
the heels hit the buttocks, hamstrings: the subjects were contracted the hip flexors
with knee extended and flexed hip so that the leg swing forwards to anterior aspect of
his/her body, plantar flexors: the subjects were raised one foot from the floor and fully
knee extended and contracted the dorsiflexors so that foot/toes were pointed upward,
and ankle dorsiflexor (tibialis anterior): the subjects were stand on non-stretched and
extend knee and flexed hip 30 degrees with flexed plantar by tip toes attached floor.

Dynamic stretching exercise of gluteus maximus muscle
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Dynamic stretching exercise of hip abductors muscle
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Dynamic stretching exercise of hamstrings muscle

Dynamic stretching exercise of plantar flexors muscle
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Dynamic stretching exercise of ankle dorsiflexor muscle
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Procedure and outcome measurement
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APPENDIX J

Data recording form

(Isokinetic test)

Subject code:
Isokinetic testing form at baseline

o Rt. ankle o Lt. ankle

Date:

Test Motion Concentric/Concentric Eccentric/ Eccentric
speed Right Left Right Left
APT/BW APT/BW APT/BW APT/BW
(Nmikg?) | (Nmikg?) | (Nmikg?) | (Nmtkg?)

60°/sec | Ankle

DF/PF

Ankle

EV/INV
60°/sec | Hip E

Hip Ab
Isokinetic testing form after treatment (4 weeks) Date:
Test Motion Concentric/Concentric Eccentric/ Eccentric
speed Right Left Right Left

APT/BW APT/BW APT/BW APT/BW
(Nmtkg?) | (Nmikg?) | (Nmikg?) | (Nmtkg?)

60°/sec | Ankle

DF/PF

Ankle

EV/INV
60°/sec | Hip E

Hip Ab

Isokinetic testing fo

rm after treatment (6 weeks)

Date:

Test Motion Concentric/Concentric Eccentric/ Eccentric
speed Right Left Right Left
APT/BW APT/BW APT/BW APT/BW
(Nm1kg?) | (Nmikg?) | (Nmikg?) | (Nmtkg?)
60°/sec | Ankle
DF/PF
Ankle
EV/INV
60°/sec | Hip E

Hip Ab
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Data recording form

(Balance test:Composite score)

Subject code: o Rt. ankle o Lt. ankle
Balance testing form after treatment (Baseline) Date:
Rt. LE limb length (ASIS to med.malleolus) = cm
Lt. LE limb length (ASIS to med.malleolus) = cm
Trail 1 cm Trail 1 cm
Trail 2 cm Trail 2 cm
Trail 3 cm Trail 3 cm
Anterior
I Anterior
Stance Lt. I
/ \ Stance Rt.

Posterolateral Posteromedial Posterolateral Posteromedial
Trail 1 cm Trail 1 cm Trail 1 cm Trail 1 cm
Trail 2 cm Trail 2 cm Trail 2 cm  Trail 2 cm
Trail 3 cm Trail 3 cm Trail 3 cm Trail 3 cm
Direction Greatest stance Lt. (cm) | Greatest stance Rt. (cm)
Anterior
Posterolateral
Posteromedial
Total score of Anterior+Posterolateral+Posteromedial (stance Lt.) = cm
Total score of Anterior+Posterolateral+Posteromedial (stance Rt.) = cm
Rt. limb length x 3 = cm
Lt. limb length x 3 = cm

Composite score = (Anterior+Posterolateral+Posteromedial)
X 100

(3 x Limb length)
Rt. Composite score =

Lt. Composite score =
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Data recording form

(Balance test:Composite score)

Subject code: o Rt. ankle o Lt. ankle
Balance testing form after treatment (4 weeks) Date:
Rt. LE limb length (ASIS to med.malleolus) = cm
Lt. LE limb length (ASIS to med.malleolus) = cm
Trail 1 cm Trail 1 cm
Trail 2 cm Trail 2 cm
Trail 3 cm Trail 3 cm
Anterior Anterior
Stance Lt. Stance Rt.

Posterolateral Posteromedial Posterolateral  Posteromedial
Trail 1 cm Trail 1 cm Trail 1 cm  Traill cm
Trail 2 cm Trail 2 cm Trail 2 cm  Trail 2 cm
Trail 3 cm Trail 3 cm Trail 3 cm  Trail 3 cm
Direction Greatest stance Lt. (cm) | Greatest stance Rt. (cm)
Anterior
Posterolateral
Posteromedial
Total score of Anterior+Posterolateral+Posteromedial (stance Lt.) = cm
Total score of Anterior+Posterolateral+Posteromedial (stance Rt.) = cm
Rt. limb length x 3 = cm
Lt. limb length x 3 = cm

Composite score = (Anterior+Posterolateral+Posteromedial)
X 100

(3 x Limb length)
Rt. Composite score =

Lt. Composite score =
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Data recording form

(Balance test:Composite score)

Subject code: o Rt. ankle o Lt. ankle
Balance testing form after treatment (6 weeks) Date:
Rt. LE limb length (ASIS to med.malleolus) = cm
Lt. LE limb length (ASIS to med.malleolus) = cm
Trail 1 cm Trail 1 cm
Trail 2 cm Trail 2 cm
Trail 3 cm Trail 3 cm
Anterior Anterior
Stance Lt. Stance Rt.

Posterolateral Posteromedial Posterolateral  Posteromedial
Trail 1 cm Trail 1 cm Trail 1 cm  Traill cm
Trail 2 cm Trail 2 cm Trail 2 cm  Trail 2 cm
Trail 3 cm Trail 3 cm Trail 3 cm  Trail 3 cm
Direction Greatest stance Lt. (cm) | Greatest stance Rt. (cm)
Anterior
Posterolateral
Posteromedial
Total score of Anterior+Posterolateral+Posteromedial (stance Lt.) = cm
Total score of Anterior+Posterolateral+Posteromedial (stance Rt.) = cm
Rt. limb length x 3 = cm
Lt. limb length x 3 = cm

Composite score = (Anterior+Posterolateral+Posteromedial)
X 100

(3 x Limb length)
Rt. Composite score =

Lt. Composite score =




Side hop testing form at baseline
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Data recording form (Side hop test)

Subject code:

o Rt. ankle o Lt. ankle

Date:

Side Trail 1 Trail 2 The best (shortest) time
(second) (second) (second)
Rt.ankle
Lt.ankle
Side hop testing form after treatment (4 weeks) Date:

Side Trail 1 Trail 2 The best (shortest) time
(second) (second) (second)
Rt.ankle
Lt.ankle
Side hop testing form after treatment (6 weeks) Date:

Side

Trail 1

(second)

Trail 2

(second)

The best (shortest) time

(second)

Rt.ankle

Lt.ankle
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