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Upwards of 73% of individuals develop chronic ankle instability (CAI), 

characterized by recurrent injury and repeated episodes of a giving way sensation, 

following an initial lateral ankle sprain. Deafferentation due to mechanoreceptor damage 

following the injury is suggested to play a role in the development of arthrogenic muscle 

inhibition (AMI). Reducing the risk of recurrent ankle sprains is paramount in preventing 

degenerative osteoarthritic changes of the ankle complex which can lead to reduced 

physical activity. While traditional rehabilitation serves to promote returning to pre-injury 

activity levels, not all sensorimotor deficits may be vanquished in individuals with CAI. 

Alternatively, whole-body vibration (WBV) is a modality that has the potential to address 

neurophysiologic deficits accompanied by CAI and prevent re-injury. Mechanical 

vibration promotes blood flow to tissue and is suggested to stimulate the neuromuscular 

system by increasing excitability of sensory receptors. Our goal was to determine if an 

acute bout of WBV can improve AMI and proprioception in individuals with CAI. The 

Hoffmann reflex (H-reflex) was used to assess motoneuron (MN) pool recruitment, 

serving as an estimate of alpha MN excitability. Proprioception was assessed using 

ankle joint position sense (JPS) without visual cues at 15° and 20° of inversion. Ten 
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young adults with CAI and ten age-matched healthy controls participated. Everyone 

underwent a control, sham, and WBV condition over three separate visits in randomized 

order. H-reflex and JPS were assessed prior to, immediately following and 30 minutes 

after the condition (time p, 0, and 30, respectively). Separate 2x3x3 (group [CAI, 

Control]; condition [1, 2, 3]; time [p, 0, 30] analyses of variance were used to determine 

the effects of WBV on soleus muscle H:M ratios and JPS angle errors. The CAI group 

presented with lower H:M ratios compared to controls (0.467 vs. 0.619, p = 0.028) 

collapsed across condition and time. No differences were found between groups or 

across conditions for JPS (2.75° vs. 2.75° at 15°, p = 0.886, 2.50° vs. 3.00° at 20°, p = 

0.331). Those with CAI have a lower MN drive compared to healthy individuals. A single 

bout of WBV did not improve AMI or proprioception in those with CAI nor did it have a 

benefit to healthy individuals. Furthermore, WBV deteriorated JPS performance, 

although not to a statistically significant level. The acute performance improvements 

that have been observed by researchers following WBV are not due enhanced neural 

drive as many have suggest given that the H-reflex was not potentiated. Further 

research is warranted to evaluate the cumulative effects of WBV training during the 

recovery of balance and proprioception following injury. 
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CHAPTER 1 
INTRODUCTION 

More than 25,000 ankle sprains occur each day in the United States [1, 2] with 

medical costs reaching $3.65 billion annually [3]. Furthermore, residual symptoms can 

interfere with normal activities of daily living, as well as, athletic performance. Recurrent 

ankle sprains are the most common cause of posttraumatic ankle osteoarthritis [4] 

involving greater occurrences of articular lesions, degeneration, and ankle defects [2, 5, 6]. 

Upwards of 73% of individuals develop chronic ankle instability (CAI) [7-12], characterized 

by recurrent injury and repeated episodes of a giving way sensation, following the initial 

sprain [13]. Deafferentation due to mechanoreceptor damage following injury is 

suggested to play a role in the development of arthrogenic muscle inhibition (AMI). AMI 

is the diminished ability to contract the musculature surrounding a compromised joint 

which can reduce the dynamic support of the ankle. Reducing the risk of recurrent ankle 

sprains is paramount in preventing degenerative osteoarthritic changes of the ankle 

complex which can lead to reduced physical activity and not being active over time can 

lessen one’s quality of life. While traditional rehabilitation serves to promote returning to 

pre-injury activity levels, not all sensorimotor deficits may be vanquished in individuals 

with CAI. For instance, postural control impairments can persist in those with both a 

short and long history of CAI [14]. 

Alternatively, whole-body vibration (WBV) is a modality that has the potential to 

address neurophysiologic deficits accompanied by CAI and prevent re-injury. WBV 

delivers oscillatory motion vertically through the entire body as a person stands on a 

platform and is being utilized in rehabilitation clinics and fitness center settings. The 

mechanical vibration promotes blood flow to tissue and is suggested to stimulate the 



 

14 

neuromuscular (NM) system by increasing excitability of sensory receptors [15]. Recent 

evidence has demonstrated enhancements in power, strength, and neuromuscular 

performance after WBV training [15, 16]. WBV has the potential to improve NM function by 

enhancing NM excitability and recruitment patterns by stimulating sensory receptors, 

specifically the muscle spindles [15]. Although improvements in postural control and 

mobility have been found in preliminary WBV studies in individuals with Parkinson’s 

disease, multiple sclerosis, and the elderly, no research is available examining the 

effects of WBV on individuals with CAI. Given that AMI may accompany CAI and WBV 

has the potential to increase neural drive excitability, investigation of the effects of WBV 

in individuals who have experienced ankle injury is warranted. The aim of this study will 

be to evaluate the neuromotor and functional effects of WBV training in individuals who 

have CAI. The potential benefits of WBV may be quantified via the Hoffmann reflex (H-

reflex) and joint position sense (JPS) to evaluate AMI and proprioception, respectively. 

The H-reflex serves as a valuable procedural means in determining muscle 

inhibition caused by joint damage. H-reflex can be used to assess motoneuron (MN) 

pool recruitment, serving as an estimate of alpha MN (∝MN) excitability. This indirect 

measure is achieved by percutaneously sending an electric impulse to a mixed 

peripheral nerve in order to elicit two electromyographic responses in the muscle of 

interest, the H-Reflex and M-wave. The H-reflex is a monosynaptic reflex that begins at 

the point of electric stimulation and results in action potentials traveling along afferent 

fibers until they reach and synapse on ∝MNs. The efferent portion of the H-reflex 

pathway results from action potentials, generated by the ∝MNs, to travel along efferent 

fibers until they reach the neuromuscular junction which produces a twitch response in 
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the electromyograph (EMG). Electric stimulation of the peripheral nerve also elicits 

direct activation of the efferent fibers, sending action potentials directly from the point of 

stimulation to the neuromuscular junction. This efferent arc produces a response in the 

EMG known as the muscle response (M-wave). The maximal H-reflex (Hmax) recruited 

represents an estimate of the number of MNs one is capable of activating in a given 

state, whereas the maximal M-wave (Mmax) recruited represents activation of the entire 

MN pool, or maximum muscle activation, and serves as a stable measure [17, 18]. 

Therefore, comparing the Hmax/Mmax ratio indicates the proportion of the entire MN pool 

capable of being recruited. Using this technique, AMI has been identified in both the 

soleus and peroneal musculature of the involved limb of patients exhibiting unilateral 

functional ankle instability (FAI) [19]. AMI of the peroneals and soleus muscles hinders 

the dynamic protective mechanism to prevent lateral ankle re-injury. 

A reorganization of feedback and feedforward neuromuscular control may be 

taking place in people with CAI based on the evidence of the altered gait patterns and 

bilateral postural control deficits that develop in this population. Given that the likelihood 

of recurrent ankle sprain is high after an initial ankle sprain and that balance plays an 

important role in preventing such an injury, the principal focus during rehabilitation 

should be on re-establishing effective postural stability and proper feedback 

neuromuscular control. Our overall goal is to evaluate and compare the effects of WBV 

on proprioception and AMI between individuals with CAI and healthy controls. 

Specifically, we will test the hypotheses that introducing WBV will improve 1) AMI by 

examining H-reflex and 2) joint position sense. 
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CHAPTER 2  
LITERATURE REVIEW 

More than 25,000 ankle sprains occur each day in the United States [1, 20] and 

many people who sustain the injury do not seek formal rehabilitation. Furthermore, 

residual symptoms can interfere with athletic performance and normal activities of daily 

living. Lateral sprains, which result from forced inversion of the ankle, make up 80% of 

ankle ligamentous injuries with a high incidence rate in athletics [10, 12, 21]. Previous 

research has indicated that 40-73% of individuals develop CAI following the initial sprain 

[7-12]. Recurrent ankle sprains are the most common cause of posttraumatic ankle 

osteoarthritis [4] involving greater occurrences of articular lesions, degeneration and 

ankle defects [2, 5, 6, 22]. Reducing the risk of recurrent ankle sprains is paramount to 

preventing the degenerative changes of the ankle complex that accompany the 

condition. While rehabilitation serves to promote returning to pre-injury activity levels, 

not all sensorimotor deficits may be vanquished. WBV is a training modality that has the 

potential benefit of addressing sensorimotor deficits accompanied by CAI. WBV delivers 

mechanical vertical vibration to the body. While the exact mechanism is unknown, 

mechanical vibration promotes blood flow to tissue and is suggested to stimulate the 

neuromuscular system by increasing excitability of sensory receptors [23-25]. The 

following sections will review pathoanatomy of the ankle, pathology of CAI including 

abnormal mechanics, sensorimotor disturbances involving AMI and postural control 

deficits. 

Classification of Chronic Ankle Instability 

CAI is characterized by repeated episodes of a giving way sensation and 

recurrent injury [13, 26] and the symptoms can persist indefinitely. CAI may develop as a 
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result of mechanical ankle instability (MAI) or functional ankle instability (FAI). Although 

both can occur in isolation, researchers have proposed that a combination of MAI and 

FAI develops in individuals with CAI [27]. MAI is identified when motion exceeds normal 

physiologic limits as a result of ligament rupture. Patients who experience mechanical 

instability do not necessarily develop recurrent ankle hypersupination [28]. FAI involves 

joint motion going beyond voluntary control but does not necessitate joint translation 

that exceeds normal physiological motion [13]. In fact, a high proportion of individuals 

with FAI do not present with physiological laxity on examination [26]. With arthroscopic 

assessment, Takao et al. [29] found that all patients with FAI, despite absence of lateral 

laxity, had morphological ligamentous abnormality, serving as a contributor to the 

underlying instability. Individuals who have experienced a single lateral ankle sprain and 

do not develop residual ankle instability are known as copers [14, 30]. Copers are able to 

return to high-level physical activities that include jumping and pivoting without loss of 

function. This special population may adopt appropriate neuromuscular responses that 

prevent recurrent ankle sprain [30-33]. 

Ankle Pathoanatomy/Neuroanatomy 

The ankle complex consists of three articulations that allow for triplanar range of 

motion of the rearfoot. The talocrural joint, or ankle mortise, is formed by the 

articulations between the distal malleoli of the tibia and fibula and the inferior surface of 

the tibia with the dome of the talus. This articulation forms an oblique axis for this 

uniaxial hinge joint with the majority of motion occurring in the sagittal plane. The axis 

runs slightly anterior to the frontal plane from the medial malleolus and extends 

downward and just posterior to the frontal plane through the lateral malleolus (Figure 2-

1). Rather than isolated extension and flexion occurring around the oblique axis, small 
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amounts of rotation about the transverse and frontal planes accompany the sagittal 

movement [34]. Physiologic dorsiflexion is accompanied by external rotation and 

eversion while internal rotation and inversion accompanies plantarflexion.  

The articulation between the talus and calcaneus forms the subtalar joint (STJ). 

The two separate joint cavities that compose the STJ are the inferior posterior facet of 

the talus with the superior posterior facet of the calcaneus and the head of the talus with 

the anterior-superior facets of the calcaneus, the sustentaculum tali of the calcaneus, 

and the concave proximal surface of the tarsal navicular. The complex bony 

arrangement results in the posterior articulation lying more lateral with a lower center of 

rotation than the anterior joint; even so a single oblique axis is thought to be shared 

(Figure 2-2). The orientation of the axis varies across the population but typically has a 

40 degree upward tilt and 20 degree medial angulation [35]. More recent research 

suggests that the STJ has multiple axes of rotation with different spatial locations due to 

the articulating surfaces of the talus and calcaneus [36]. The triplanar motions of 

pronation and supination occur at the STJ. The tibiofibular syndesmosis is the third 

articulation of the ankle complex allowing for accessory gliding motion that is necessary 

for full physiologic range of motion while the thick interosseous membrane connecting 

the distal tibia and fibula and the anterior and posterior inferior tibiofibular ligaments 

provide static stability to the ankle. 

In general, stability of the ankle complex is provided by bony articulation 

congruency, static ligaments and stiffness generated by the musculature surrounding 

the foot and ankle [37]. In a full weight-bearing position, the bony congruency provides 

resistance to translation and rotational stress [37]. The anterior talofibular ligament 
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(ATFL), calcaneofibular ligament (CFL), and posterior talofibular ligament (PTFL) 

originate and attach on the lateral aspect of the ankle providing the ankle with static 

stability. The deltoid ligament attaches medially providing resistance to eversion stress. 

The ATFL resists anterior translation of the talus and excessive inversion and internal 

rotation of the talus on the tibia and becomes tauter when the ankle is plantarflexed [38]. 

The CFL resists excessive supination at the talocrural and subtalar joints, excessive 

inversion and internal rotation of the rearfoot, and is taut when the ankle is dorsiflexed. 

The PTFL resists inversion and internal rotation when loaded [37]. The cervical and 

interosseous ligaments are referred to as the cruciate ligaments of the ankle and 

stabilize the STJ. Although not fully understood, the cruciate ligaments together provide 

stability to the two STJs during supination and pronation [39, 40]. Deep fibers of the 

extensor retinaculum are suggested to provide support to the STJ and when 

compromised may lead to sinus tarsi syndrome [41]. Located lateral and superficial, the 

lateral talocalcaneal (LTCL) and fibulotalocalcaneal ligaments (FTCL) provide additional 

resistance to supination. 

The peroneal longus and brevis muscles are primary movers of rearfoot 

supination and dynamic restraints against inversion providing defense against lateral 

ankle sprains. Additional joint stiffening is provided by the anterior tibialis, extensor 

digitorum longus, extensor digitorum brevis, and peroneus tertius as the muscles 

eccentrically contract. The cervical ligament, CFL, peroneus longus and brevis, and the 

sustentaculum tali striking the talar tubercle act together to limit inversion. 

The lumbar and sacral plexes supply motor and sensory function to the ankle. 

The tibial, deep peroneal, and superficial peroneal nerves are mixed nerves supplying 
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motor function and sensory information to the muscles crossing the ankle joint while the 

sural and saphenous nerves supply sensory function only. Joint capsules of the mortise 

and STJ and the lateral ligaments are endowed with mechanoreceptors providing 

proprioceptive feedback. The tension detecting muscle spindles distributed throughout 

the peroneal muscles and tendons add to proprioception of the ankle complex. 

Ankle Sprain Pathomechanics 

The magnitude of load and positioning of the ankle will determine the extent of 

ligamentous injury. Excessive supination of the rearfoot while the shank is externally 

rotated bears stress to the lateral ankle ligaments [20, 42]. The tension in this inverted 

position is increased as body weight is accepted during the initial contact of gait or 

descent from a jump. Fuller [43] suggests that lateral ankle sprains occur due to the 

location and magnitude of the GRF relative to the STJ axis at initial foot contact with the 

ground. The medial shift of the position of the body’s COP causes an increased 

supination moment at the STJ [43] which can result simply by stepping on a pebble at the 

medial heel or landing on an opponent’s shoe after jumping for a rebound in basketball. 

A foot that has a COP located medial to the STJ axis will endure greater supination 

moments from GRF (longer supination moment arm is created) compared to a foot with 

less area medial to the STJ axis (or a laterally deviated STJ axis) [35, 43, 44]. When the 

rearfoot is supinated, STJ inversion and internal rotation occurs and when coupled with 

greater amounts of plantarflexion the stress on the ATFL is increased [38]. The static 

support of the ATFL prevents anterior displacement of the talus and excessive inversion 

and internal rotation of the talus on the tibia [38]. The ATFL has the lowest load and 

energy to failure under tension compared to the CFL and PTFL, and based on its fiber 

orientation and location is the first ligament to fail when placed in a supinated and 
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plantarflexed position [45]. The CFL is the second most common sprained lateral ankle 

ligament [46]. Ankle sprains are subjectively classified into three grades based on 

severity of injury and typically two grading scales are used. Lindenfeld [47, 48] have 

described a three grade system based on a trauma to a single ligament, whereas others 

have based the grading on number of ligaments involved. Grade I sprains are defined 

as ligament stretching without a full rupture and typically involve mild swelling and 

tenderness with little to no functional loss [47, 48]. Grade II sprains are characterized by 

partial rupture of the ligament accompanied by moderate swelling, pain, and tenderness 

with palpation, range of motion loss and functional deficits. Grade III sprains involve 

complete ligament rupture, severe swelling and tenderness, and loss of function and 

range of motion. 

The muscles surrounding the talocrural and STJ provide postural adjustments 

that counteract the external torques created from ground contact of the stance limb as 

the body’s center of mass (COM) moves above the center of pressure (COP) [49]. During 

normal gait, ground reaction forces (GRFs) act lateral to the STJ axis and anterior to the 

talocrural joint axis causing ankle eversion and dorsiflexion [49]. The plantar flexors and 

inverter muscles act against this torque [50]. The STJ axis of the stance limb continues to 

move medially and laterally as the foot everts and inverts respectively during gait [44]. 

Inversion in a weight-bearing ankle is thought to overpower the peroneals [49]. The 

positioning of the foot relative to the ground at initial contact and the foot’s relation to the 

COM and inertia will collectively determine the line of action of the GRF [36, 49]. If a 

greater amount of inversion occurs just prior to ground contact, external inversion 

torque is applied to the ankle and if the compensatory pronation moment generated by 
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the peroneal muscles and lateral ligaments is not great enough to counteract the force, 

the supination torque will cause excessive inversion and internal rotation [43]. 

Furthermore, the latency (or electromechanical delay) of the evertors may be too long to 

counteract the torque increasing the likelihood of injury if further perturbed [51-53]. 

However, Vaes et al. [54] failed to find a difference in latencies when inverting the ankle 

to 50° when comparing healthy ankles and CAI. The authors [54] suggest that the motor 

response time is shorter than the total inversion time providing enough time for the 

protection by the peroneals before the ankle reaches 50°. Preparatory activity in the 

muscles crossing the STJ including the peroneal muscles can produce stiffness prior to 

foot contact with the ground and may explain the protection of the ankle against 

hyperinversion in weight-bearing activities [51]. 

Abnormal Ankle Mechanics Post-Injury 

Hypermobility as well as hypomobility at the talocrural and subtalar joints can 

result from the initial injury [55]. Ligamentous laxity can result in altered proprioception 

and subsequent hypermobility [27, 56-59]. Decreased ligamentous tautness of the anterior 

talofibular, calcaneofibular, cervical or interosseous ligaments of the subtalar joint, or 

the inferior tibiofibular interosseous ligaments may result in increased accessory motion 

in which excessive gliding and rolling of the talus on the mortise may occur, creating an 

abnormal instantaneous axis of rotation during physiologic motion[60]. Generally, once 

the ATFL is torn, the static restraint against transverse plane motion is weakened and 

greater amounts of internal rotation are allowed [40]. In contrast, the talus can become 

fixed in a more anterior position not allowing normal arthrokinematic accessory motion 

of the talus gliding posteriorly on the calcaneus which results in limitation of full 

dorsiflexion. Similarly, the fibula can displace anteriorly, moving the axis of rotation of 
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the joint and limiting motion [55]. Therefore, hypomobility can create an abnormal axis of 

rotation which influences both physiologic and accessory motion [60]. However, 

functional amounts of dorsiflexion can still be reached most likely due to increased 

motion at nearby joints or an abnormal instantaneous axis of rotation at the talocrural 

joint [30, 60]. In fact, Brown et al. [30] found that individuals with MAI had greater 

dorsiflexion during walking after initial contact than those with FAI or healthy controls. 

Brown and colleagues [30] found differences in ankle kinematics for various dynamic 

movements (walk, run, step down, drop jump, and stop jump) between individuals with 

MAI compared to copers and functionally unstable groups in which greater eversion and 

dorsiflexion motion was observed during some movements indicating an altered 

kinematic pattern to prevent injury. For instance, having greater dorsiflexion during a 

drop jump may serve as a protective mechanism in which the reliance on bony stability 

increases and the reliance on the compromised lateral ligaments is reduced in a 

mechanically unstable ankle [30]. Furthermore, greater frontal plane motion was detected 

in both the FAI and MAI groups compared to copers when walking in addition to larger 

standard deviations of frontal plane movement which may indicate greater movement 

variability [30]. When landing from a single leg jump, Caulfield and Garrett [61] also found 

that individuals with FAI landed with greater amounts of dorsiflexion compared to 

healthy controls. Spaulding et al. [62] found greater variability in gait characteristics for 

CAI individuals compared to healthy controls. One potentially harmful difference in 

those with CAI is having greater amounts of plantar flexion prior to ground contact given 

the stress of the lateral ligaments with plantar flexion [62]. 
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Altered neuromuscular control may lead to the changes seen in ankle kinematics 

due to the multiple degrees of freedom of the lower extremity. One possible explanation 

of how the copers manage the injury is by overcoming arthrokinematic restrictions, 

neuromuscular control impairments, or AMI; something that individuals with CAI are 

unable to do. Therefore, establishing differences between copers and CAI patients and 

then developing effective rehabilitation techniques to overcome deficits is of 

fundamental importance to clinicians and patients alike. Wikstrom and colleagues [31] set 

out to identify which clinical tools could detect differences among CAI, coper and 

uninjured groups. The authors [31] have identified clinical differences between individuals 

with CAI and copers as well as uninjured controls based on self-assessed disability 

instruments. However, the CAI group performed no differently than the copers and 

uninjured controls on hop tests, which are routinely used as functional performance 

measures in rehabilitation. Interestingly, when asked about ankle stability, the CAI 

group reported that they perceived greater amounts of ankle instability than the copers 

and uninjured controls [31]. 

Sensorimotor System Deficits  

Evidence exists confirming that once ankle joint integrity is lost, the sensorimotor 

system becomes compromised [11, 51-53, 63-93]. Intact and properly functioning afferent 

pathways are critical for providing accurate feedback that is necessary for a functioning 

motor control system. Joint injury may influence afferent feedback that leads to ankle 

stability. Proprioception, a component of the sensorimotor system which includes both 

kinesthesia and joint position sense (JPS), is mediated by skin, articular, and muscle 

mechanoreceptors that send afferent information to the appropriate cerebral centers. 

When the neuromuscular feedback system is disrupted, motor control is compromised. 
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Freeman et al. [13] suggested that damaged mechanoreceptors in the capsule and 

ligaments are responsible for the development of FAI. The articular deafferentation 

results in a slowed response of the evertor muscles that are needed to protect the ankle 

when a sudden inversion perturbation occurs. However, recent research has also 

implicated the involvement of feed-forward motor control that becomes hindered in the 

dynamic defense of sudden ankle inversion [51, 64, 67, 94, 95]. Sudden inversion 

perturbations while standing in experimental lab settings have revealed that ankle 

everter muscle latencies go beyond the time required to protect ligamentous integrity [51, 

93, 96]. The fact that an ankle sprain doesn’t occur every time the subtalar joint is 

forcefully inverted suggests that there are other features of the surface interface of 

realistic foot-to-ground interactions that may slow the inversion motion providing enough 

time for the evertors and other centrally coordinated activity from proximal and 

contralateral limb musculature to protect the ankle [51]. Preprogrammed co-contraction of 

muscles surrounding the ankle just before heel strike increases joint stiffness which 

enhances dynamic defense against ligament injury [67]. However, most study designs 

involve an inversion perturbation with a trapdoor while in a static standing position. 

Hopkins et al. [66, 97] compared muscle activity in individuals with FAI and healthy active 

people following sudden ankle inversion under the common experimental condition 

where a trapdoor drops while standing in addition to a functional experimental model in 

which a platform would drop during the dynamic task of walking. The authors found [66] 

that the time to reach maximal inversion was greater under the walking condition along 

with greater peak peroneal muscle activity as opposed to the standing condition in 

healthy controls. The muscle preactivation and increased muscle spindle sensitivity 
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observed when walking provides an appropriate representation of neuromuscular 

activity and the increased dynamic protection of the ankle when perturbed [66, 97]. 

Individuals with FAI failed to activate the muscles to the same extent when perturbed 

during walking which was demonstrated by increased peroneal latencies and 

electromechanical delay compared to the uninvolved limb and to the controls [97]. The 

fact that individuals with CAI aren’t exhibiting the same preactivation activity, possibly 

due to decreased sensitivity from the muscle spindles, may help to explain the 

reoccurrence of injury. 

Decreased kinesthesia [70-72] reduced joint position sense [68, 69, 98, 99], impaired 

cutaneus sensation [76, 77], impaired neuromuscular firing patterns [52, 53, 64, 73-78], 

decreased nerve-conduction velocity [90, 100] decreased postural control [79-85, 87-89] and 

decreased strength [11, 56, 69, 86, 101] have all been associated with CAI. The superficial 

peroneal nerve is stretched when the ankle is inverted and the deep peroneal nerve is 

stretched with plantarflexion [90, 91]. A combination of ankle inversion and plantarflexion 

is common when landing from a jump and can result in ankle sprain. Similarly, when 

walking or running, an uneven surface can cause the ankle to invert with slight 

plantarflexion. The anterior talofibular ligament and calcaneofibular ligament are 

stressed under these motions and depending on the degree of stress may result in 

ligament failure. Furthermore, the primary evertors are often strained, leading to 

muscle-tendon mechanoreceptor damage [26].  

Whether or not a peroneal strain is sustained following an ankle sprain, evertor 

strength is often compromised. Muscle strength is commonly assessed by measuring 

maximum voluntary contraction (MVC), and is typically reported as peak torque. Evertor 
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weakness has been detected in individuals with unilateral CAI compared to the 

uninvolved limb [11, 86, 101] when compared to healthy controls and copers [69]. However, 

other studies have failed to find such weakness in the peroneal muscles [56, 102, 103]. 

Baumhauer et al. [20] prospectively studied risk factors for lateral ankle sprains in which 

an increased ratio of eversion to inversion strength, increased ratio of plantar flexion to 

dorsiflexion strength, and increased plantar flexion strength all increased the risk of 

ankle sprain. When weakness of the peroneal and the triceps surae muscles persists, 

the risk of an inversion ankle sprain rises [1, 65].  

In addition to possible muscle strain, with forceful ankle inversion the superficial 

peroneal nerve becomes at risk for traction injury and additional risk is presented with 

sprains of greater severity or with a deficient anterior talofibular ligament [91]. The 

superficial fibular nerve innervates the primary evertor muscles including the peroneus 

longus and brevis; while the deep peroneal nerve innervates the peroneus tertius and 

extensor digitorum longus, all of which are responsible for dynamic support of the lateral 

ankle. The importance of lateral ankle ligament mechanoreceptors is undetermined 

based on conflicting findings. Feuerbach et al. [104] observed that JPS is not 

compromised  when lateral ankle ligaments are under local anesthesia. On the contrary, 

McKeon et al. [105] observed postural control deficits when the lateral ankle ligaments 

were anesthetized. The mechanoreceptors in the muscle-tendon structures are major 

contributors to proprioception. Konradsen et al. [106] provided evidence of this by 

blocking the afferent input from the ligaments and capsule of the ankle and foot complex 

and measuring passive and active JPS. Although passive JPS of the ankle was 

compromised under anesthesia, active joint positions sense was not compromised 
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suggesting that muscle and tendon receptors proximal to the block were engaged, 

diminishing the neuromuscular deficits. Based on the findings of Konraden et al. [106], 

trauma to the muscle-tendon mechanoreceptors may have a greater impact on 

proprioception than ligament or joint capsule mechanoreceptors. 

When evaluating JPS in individuals with AI, there is conflicting evidence on 

whether proprioceptive deficits exist. Some researchers [68, 69, 98, 99, 107, 108] have found 

impaired performance with JPS while others [109-111] have shown equivalent execution 

when compared to healthy individuals. Methodology for evaluating JPS differs among 

the studies including speed of movement, test angles, and whether the movement is 

passive or active during recall. Reliability of the measure was found to be high using an 

isokinetic dynamometer when assessing passive JPS. Intraclass correlation coefficients 

were .94 and .98 at testing angles of 10° and 20° with three to five days between testing 

sessions [108]. Konradsen and Magnusson [98] found that the absolute error during active 

JPS was significantly greater in the affected ankle of individuals with unilateral AI (2.5°) 

compared to the uninjured side (2.0°) as well as when compared to healthy controls 

(1.7°). Similarly, Nakasa et al. [112] found side-to-side differences of 1.0° for those with AI 

compared to .2° in the healthy group and an overall statistically significant deficit in the 

AI group. Boyle and Negus [107] found active and passive JPS deficits in those with AI 

compared to uninjured participants. Willems et al. [69] reported that those with FAI 

underestimated the inversion angle during active JPS to a greater extent than controls 

did. Yokoyama and colleagues [113] looked at combined plantarflexion angles with either 

10° or 20° of inversion and also found that those with FAI underestimated the 

plantarflexion angle. Functionally, this is important when considering landing kinematics 
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if the person has a lower perception of plantarflexion. Following a six-week isokinetic 

strengthening protocol, Sekir et al [114] found improvements in passive JPS at 10° and 

20° in which absolute error decreased by a degree at both testing angles. These results 

demonstrate the importance of re-establishing proprioception following injury and that 

JPS measures are reliable. 

Postural control deficits:  Postural control impairments are well documented in 

individuals with CAI [14]. Bilateral postural deficits lasting up to three weeks after the 

ankle sprain and decreased bilateral proprioception have been revealed in CAI [76, 79, 92, 

115]. Furthermore, central neural adaptations may take place as opposed to peripheral 

deficits alone; as seen in altered recruitment patterns of hip musculature and 

anticipatory postural control alterations [32, 76, 92, 94, 116]. When balancing on a single leg, 

pronation and supination occur at the subtalar joint to maintain stability and are referred 

to as using an ankle strategy for postural control. Individuals with CAI have also been 

observed to use a less efficient hip strategy which may develop as a result of altered 

neuromuscular control of the involved limb [85, 88, 117]. 

Wikstrom et al. [118] has established differences in postural control between 

individuals with CAI and copers using various stabilometric postural control measures to 

analyze performance during single-leg stance. In addition to evaluating the traditional 

COP displacement characteristics and time-to-boundary, a spatiotemporal assessment 

that estimates the time an individual has to make a postural correction while maintaining 

upright stance within their base of support, the authors [118] also assessed center of 

pressure-center of mass (COP-COM) moment arm characteristics. COP-COM moment 

arm measures represent the distance between the COP and COM in the transverse 



 

30 

plane and accounts for movements of individual segments present in the multilinked 

human body that are absent when using a single inverted pendulum approach [119]. COP 

velocities in the mediolateral and anteroposterior directions were greater in individuals 

with CAI compared to copers and controls as well as peak COP-COM moment arm in 

the anteroposterior direction and resultant mean COM-COP moment arm were larger in 

those with CAI relative to copers. Moreover, Wikstrom et al. [118] found that all four COP-

COM measures detected impairments in postural control in the CAI group and suggests 

that those with CAI may adopt an alternative postural control strategy and may explain 

the basis of the instability. Another explanation that could account for the postural 

control differences are the possible changes in the mechanical properties of the 

musculotendinous unit which are in part regulated by motor control programs that have 

also been shown to be altered in individuals with CAI [94, 118]. 

Postural instability serves as a predictor of ankle sprain and ankle stability [28, 81, 

87, 120, 121]. Balance training may help to prevent re-injury. Holme et al. [122] found that 

individuals who did not partake in rehabilitation had a recurrent sprain rate of 29% 

compared to 7% in those who went through rehabilitation. Other research has shown 

that there are improvements of proprioception and neuromuscular control as indicated 

by improved postural stability during single-leg stance [28, 84, 115, 121, 123-126] and dynamic 

conditions [121, 125, 126]. 

Dynamic postural control has been widely used to differentiate between 

individuals with CAI and uninjured controls [82, 83, 127]. For example, certain jump 

protocols require an individual to transition from a dynamic to a static state during which 

the time to stabilization (TTS) is calculated based on the time required to minimize the 
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resultant GRFs following a jump landing to a static baseline stance [83]. Successful 

differentiation between CAI and individuals with no history of lower extremity injury have 

been made using a jump protocol in which CAI individuals had longer TTS than healthy 

controls [82, 83, 110, 127]. Wikstrom and colleagues (2007) measured various TTS 

components of dynamic stability in a single leg hop-stabilization model and established 

the dynamic postural stability index (DPSI). TTS measures provide three separate 

directional indices of forces, although multidirectional control can be determined, global 

changes cannot be monitored. Therefore, Wikstrom [83] developed the DPSI to make up 

for the shortcomings of the TTS measures. DSPI is calculated by measuring stability 

indices in three principal directions: anterior-posterior (APSI), medial-lateral (MLSI) and 

vertical (VSI) [83]. Wikstrom and colleagues [128] found differences in the vertical stability 

index, the anteroposterior component of dynamic stability, as well as overall DPSI 

between patients with CAI and healthy controls, suggesting the importance of 

preparatory actions that may help to protect injury in those with CAI. Additionally, DPSI 

can detect differences between individuals with stable ankles and individuals with FAI 

[128].  

Other differences have been found while assessing dynamic postural control 

related to gait. Altered kinematics and kinetics during self-selected walking speeds have 

been reported in individuals with CAI when compared to healthy controls [65, 96]. These 

changes may be responsible for increased stress applied to the ankle joint during heel 

strike and loading response phases of the gait cycle, where increased inversion was 

observed [65, 96]. Patients with CAI exhibited a concentric evertor moment versus an 

eccentric inverter moment produced by the controls [96]. Delahunt and colleagues [96] 
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hypothesized that the increased inverted position just prior to heel contact along with 

the increased activity of the evertors operates as a feed-forward protective mechanism 

in individuals with ankle instability. Furthermore, McLoda et al. [129] found increased 

evertor preactivation prior to foot-to-ground contact during walking, jogging, and drop 

landing in comparison to quiet standing in healthy individuals. Centrally mediated motor 

programming appears to accompany different movement patterns [129]. During the early 

stance phase of gait spindle sensitivity is increased as the weight of the body is 

transferred to the stance leg helping to stiffen the joint [130, 131]. The joint stiffness 

developed at the ankle was reinforced by the longer time taken to reach full inversion 

during walking in the Hopkins et al. [66] study. Considering this research, the adaptations 

that take place may help to explain why individuals with unstable ankles experience 

lateral ankle ligament injury when subjected to an unanticipated ground contact [65, 96, 

129].  

Altered kinematics and kinetics have also been found during a single leg drop 

jump in individuals with CAI compared to healthy controls [61, 132]. Individuals with CAI 

were less efficient at reaching the closed packed position of the ankle after initial 

contact compared to the healthy controls. Just prior to initial contact, decreased 

peroneus longus integrated electromyography (EMG) activity and increased ankle 

inversion were observed. Joint angular displacement just before ground contact differed 

between patients with CAI and controls, suggesting that the centrally mediated feed-

forward motor program was altered possibly by a learned adaptation following the injury 

in which greater dorsiflexion was used to decrease the effects of the landing forces on 

the ligaments [61]. Lateral and anterior force peaks occurred significantly earlier in 
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patients with CAI. Furthermore, the force peaks occurred before reflex corrections of the 

forces could take place, suggesting deficits in the feed-forward motor control system.  

Planned and unplanned gait termination (GT) provide an experimental model that 

possesses known and repeatable set of neuromuscular responses that can be 

constructed to challenge both feed-forward and feedback neuromuscular control [94, 95, 

133]. Both feed-forward and feedback control of GT strategies were shown to be altered 

in patients with CAI during planned and unplanned GT resulting in inefficient COM 

control [95]. CAI subjects did not reduce their propulsive forces during GT trials (planned 

and unplanned) to the same extent as healthy subjects. Subsequently, braking forces 

were found to be higher in CAI subjects than healthy subjects. Moreover, these changes 

were seen bilaterally in those with CAI and the findings indicate that an altered motor 

program and slower neuromuscular response exists in CAI subjects during planned and 

unplanned GT. CAI subjects were shown to be less stable when going from a dynamic 

to a static state as indicated by poorer APSI and DPSI scores observed compared to 

healthy controls. While planned GT challenges feed-forward motor control activity, 

unplanned stopping challenges feed-back responses because the person must react to 

an external stimulus. Feed-back activity occurs as a response to sensory detection of 

motion [134], whereas, feed-forward control is the anticipatory action that occurs prior to 

the sensory detection of a homeostatic disruption [134, 135]. Hass et al. [94] compared 

individuals with CAI and uninjured controls using a gait initiation model. The CAI group 

demonstrated reduced COP excursions towards the unaffected stepping limb based on 

the perceived stability of the initial stance limb. The authors [94] suggest that those with 

CAI are adopting an altered supraspinal motor control mechanism to reduce the 
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postural demands of the involved extremity. Overall, the results suggest that ankle 

instability may alter feed-forward control whether transitioning from quiet stance to 

steady-state gait or decelerating the COM to quiet stance [94, 95]. The work by Wikstrom 

and colleagues [31] in establishing reliable and valid instruments to distinguish 

participants with ankle instability and the recent research that has improved our 

understanding of the motor responses in individuals with CAI have enabled us to look 

towards the next step in addressing the unfavorable neuromuscular control adaptations 

that occur and ultimately prevent the osteoarthritic changes that may develop later in 

life. 

Arthrogenic Muscle Inhibition and the Hoffmann Reflex  

Arthrogenic muscle response is an ongoing reflex reaction of the muscles 

surrounding a joint after distention or damage to joint structures as a part of a natural 

joint protective response [136]. The response can be inhibition or excitation of voluntary 

muscle activation. AMI is a diminished ability to contract the intact musculature 

surrounding a compromised joint [136, 137]. Pain is thought to contribute to AMI, although, 

simulated knee joint effusion experiments have revealed the presence of AMI in the 

absence of pain [138, 139]. Effusion [140] and altered afferent feedback [137] are considered 

to be other contributors of AMI. Altered afferent feedback results from the proposed 

deafferentation that occurs as a consequence of the damage to capsular and 

ligamentous mechanoreceptors due to injury and is suggested to be a mechanism for 

AMI development [137]. The deafferentation alterations of the CNS following ankle injury 

are suggested to play a role in AMI in people with FAI [19].  

There are a few techniques to measure AMI, voluntary force production from the 

motoneuron (MN) pool of interest or the product of neuromuscular recruitment of the 
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MN pool. Voluntary force output is often measured by comparing pre-injury MVC to 

post-injury MVC values or by evaluating the differences among the injured limb, 

contralateral limb and healthy controls. There are several limitations to the use of MVC 

including participant motivation to perform the MVC, inability to isolate muscles during 

voluntary contraction, difficulty in obtaining baseline MVC if subjects are evaluated only 

after the injury has occurred, and inability to use the contralateral limb for comparison 

due to crossover effect to the uninvolved side [136]. The technique of twitch interpolation 

is commonly used to determine whether human muscles are activated fully during 

maximal voluntary efforts (also referred to as extrapolation) [141]. Twitch interpolation can 

be used in the absence of baseline force output measures in which a supramaximal 

electrical stimulus is delivered to the muscle compared to a maximal voluntary isometric 

contraction (MVIC). The MVIC relies on central neural drive to the muscle, whereas the 

maximal superimposed electrically evoked contraction is independent of the central 

nervous system [142]. Inferences can be made of the level excitability of motorneurons or 

neural drive with the measurement of voluntary activation via twitch interpolation [143]. 

The ratio of peak force output during a voluntary maximal effort to the same measure 

during an electrically evoked involuntary maximal contraction is known as the central 

activation ratio (CAR), and is used to assess the central inhibition in the muscle of an 

individual. Incomplete motor unit activation of a muscle (i.e., CAR < 100%) is an 

indicator of inhibition of the neural drive within the central nervous system during a 

maximal isometric contraction [144]. 

An alternative to using the twitch interpolation technique, the Hoffmann reflex (H-

reflex) can be used to assess MN pool recruitment. H-reflex serves as an estimate of 



 

36 

alpha MN (∝MN) excitability, which is a valuable procedural means in determining 

muscle inhibition caused by joint damage. By percutaneously delivering an electric 

stimulus to a mixed peripheral nerve two EMG responses can be elicited: 1. afferent 

sensory action potentials are transmitted through the MN pool, synapse with the ∝MN, 

and efferent motor responses extend to the neuromuscular junction (H-Reflex) and/or 2. 

direct efferent motor response starting from the point stimulation to the neuromuscular 

junction (M wave) [18, 145]. If electrical stimulation of the nerve exceeds the threshold for 

activation of Ia afferents and the afferent terminals are sufficiently depolarized to cause 

neurotransmitter release at the Ia afferent/alpha-motoneuron synapse, excitatory 

postsynaptic potentials (EPSPs) will be elicited and an H-reflex will be recorded [18, 145]. 

If enough neurotransmitter is released from the primary afferent terminals, postsynaptic 

depolarization of alpha MNs occurs, and if postsynaptic depolarization is above 

threshold, then the ∝MNs will fire action potentials that will cause neurotransmitter 

release of acetylcholine at the neuromuscular junction. The resulting depolarization and 

subsequent contraction of the muscle fibers will then be recorded as an H-reflex via 

surface electromyography (EMG) electrodes placed over the muscle. Additional Ia 

afferent and motor axons are recruited by increasing the level of electrical stimulation 

resulting in a larger reflex response and a larger M wave [146]. The larger diameter Ia 

afferents are recruited before the smaller diameter motor axons [147]. The H-reflex traces 

will increase in size as the stimulation intensity increases until the H-reflex reaches its 

maximum (Hmax), greater stimulation after this maximum will result in a trace that 

disappears from the EMG recording. Continuing to increase the stimulus intensity 

beyond that required for an H-reflex results in direct stimulation of the motor efferent 
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fibers and an M-wave is recorded with EMG. The process of increasing stimulus 

intensity by small increments until the maximum M-wave (Mmax) amplitude is obtained is 

known as achieving a recruitment curve. H-reflex is sensitive measure but there are 

methodological concerns that must be considered when using the technique. Subject 

positioning, stimulation setup, stimulus duration, intensity and frequency, and recording 

electrodes placement are some of the factors that must be attended to. H-reflex 

measures during quiet standing are found to be reliable measures within and between 

sessions [148-150]. 

Hmax serves as an estimate of the number of MNs one is capable of activating in 

a given state [145]. Mmax represents activation of the entire MN pool, or maximum muscle 

activation, and therefore should be a stable measure [18]. The Hmax/Mmax ratio is 

interpreted as the proportion of the entire MN pool capable of being recruited based on 

the stability of the Mmax measure. Smaller ratios (indicating decreased excitability of the 

MN pool) would indicate greater muscle inhibition. Using this technique, McVey et al. [19] 

identified AMI in the soleus and peroneal musculature and not in the tibialis anterior in 

the involved limb of patients exhibiting unilateral FAI. The diminished muscle drive may 

be responsible for a decreased nerve conduction velocity, impaired neuromuscular 

firing, and subsequent muscle weakness. The feed-forward changes that are observed 

in CAI may develop as the body tries to overcome the muscles that become inhibited. 

To assess the influence of activation history on MN pool excitability, a paired 

reflex depression (PRD) technique can be used in which a double-pulse stimulation is 

given to the nerve eliciting two H-reflexes. PRD is measured by comparing the percent 

depression of the conditioned H-reflex peak relative to the nonconditioned H-reflex 
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peak. Individuals with CAI are unable to modulate PRD in the soleus while in a single-

leg stance to the same extent that healthy individuals could and may help explain why 

postural control is compromised [151]. Additionally, CAI participants demonstrate higher 

overall levels of postsynaptic inhibition when compared with healthy matched controls, 

suggesting that segmental spinal reflex modulation is used as a CNS adaptation of CAI 

[151]. Sefton et al. [151] observed the influence of activation history on MN pool excitability 

in the soleus of individuals with CAI; a PRD technique was used under two stance 

conditions: single and double-legged stance. Those with CAI had no change in PRD 

levels when going from double to single-leg stance, whereas healthy controls had a 

15% change, signifying that individuals with CAI were less able to modulate PRD in a 

single-leg stance compared to healthy individuals. The authors suggest that segmental 

spinal reflex modulation is used as a CNS adaptation of CAI [151]. Furthermore, 

correlations have been found between reduced postural control and a decreased ability 

to modulate spinal reflexes [151]. Interestingly, a few studies have shown that those with 

poor reflex modulation can be trained in order to improved modulation resulting in better 

postural control [152, 153]. Sefton et al. [151] additionally, CAI participants showed higher 

overall levels of recurrent inhibition (postsynaptic inhibition) when compared with 

healthy matched controls. The authors [151] suggest that segmental spinal reflex 

modulation is used as a CNS adaptation of CAI.  

Proximal motoneuron pool excitability appears to be altered in individuals with 

unilateral CAI compared to healthy individuals. Bilateral hamstring inhibition and 

ipsilateral quadriceps facilitation were found in those with CAI using a central activation 

ratio technique [154]. Given that a reciprocal relationship exists between the soleus and 
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quadriceps muscles [136, 154-156], quadriceps facilitation is likely to occur because the 

soleus is inhibited due to CAI [154]. Reciprocal inhibition occurs between the quadriceps 

and hamstrings for smooth coordinated movement to occur. The findings of hamstring 

inhibition due to quadriceps facilitation associated with CAI are reasonable. The 

crossover effect of hamstring inhibition to the contralateral extremity coupled with the 

occurrence of bilateral postural control deficits observed with CAI indicates the need to 

rehabilitate the lower extremities concurrently after injury.  

Van Deun et al. [116] compared the onset of and recruitment order of muscle 

activation patterns of individuals with CAI and healthy controls during a transition from 

double-leg to a single-leg stance position using surface EMG. The authors found that 

individuals with CAI not only activated their muscles later, they were less likely to 

change the recruitment order from an eyes open to an eyes closed condition compared 

to healthy controls [116]. Anticipatory feed-forward responses are essential in overcoming 

the inherent reflex pathway delays as balance is perturbed. These anticipatory postural 

adjustments which are important to avoid injury appear to be disrupted. CAI subjects 

reacted to voluntary movement and relied on feedback when transitioning from two legs 

to one, whereas healthy subjects used feed-forward mechanisms and recruited muscles 

before the voluntary movement began [116]. The neuromuscular system’s diminished 

ability to adapt to different equilibrium disturbances may lead to risk of re-injury [116]. 

One therapeutic intervention that shows promise in overcoming the sensorimotor 

deficits that cause altered feedback motor control is WBV. 

Whole-Body Vibration 

Recent evidence of enhancements in power, strength, and neuromuscular 

performance after WBV training (WBVT) has been found [16, 25, 157, 158]. In young healthy 
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adults, improvements in strength are not seen in conjunction with improvements in 

postural control [16, 159]. In contrast, clinical populations have shown improvements [160-

162]. Specifically, in addition to benefits related to athletic performance, WBV is a 

potential therapeutic tool in the treatment of motor disorders [163-166] and bone mineral 

loss [160, 167]. Bruyere et al. [162] reported improved health related quality of life and a 

decline in the risk of falls through improved gait and balance in elderly people who 

underwent a 6-week WBV intervention 3 times a week. Similarly, Bogaerts et al. [161] 

found improvements in postural control following a year-long WBV training protocol 

compared to healthy controls who did not receive WBV. Cloak et al. [126] divided a group 

of individuals with FAI into a control group and another that went through six-weeks of 

WBVT. The authors [126] found improvements in both static and dynamic balance 

following WBVT. Bautmans et al. [168] found postural control improvements in elderly 

nursing home residents when compared to controls who did not have WBV training. 

Roelents and colleagues [169] found increased isometric and dynamic knee strength, 

speed of movement, and improvement in countermovement jump performance in older 

women after a 24-week WBV training program in which most of the gains were 

achieved after week 12. Verschueren et al. [160] found increased hip musculature 

strength, increased bone mineral density, and improved postural control in older 

women. Based on the overall improvements in strength and the rate of force 

development following WBV training that have been found in older populations, the risk 

of falls would be inherently reduced. 

WBV is commonly delivered while semi-squatting on a vibrating platform that 

oscillates up to 50 times per second and delivers oscillatory motion vertically through 
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the entire body. The exact mechanism of how mechanical vibration might produce 

benefits for the body is not fully understood. The prevailing theory is that vibration 

stimulates the nervous system and creates a stretch reflex in the body that causes the 

muscles to contract [158]. Repeated rapid muscle contractions promote blood flow to the 

muscles, bones, and tissues [170]. WBV can improve neuromuscular function by 

enhancing neuromuscular excitability and recruitment patterns by stimulating sensory 

receptors, specifically the muscle spindles. The mechanisms underlying the 

improvements associated with WBV are suggested to result from reflex muscle 

contractions as a tonic vibration reflex [24, 25, 171]. Excitation of muscle spindles causes 

the reflex contraction which leads to enhanced activity of the Ia loop, specifically an 

increased discharge of α-MNs by feedback from muscle spindles while depressing the 

function of golgi tendon organs (GTO) which inhibit muscle action [24, 25, 171, 172]. 

Increased EMG activity was found in the vastus lateralis and biceps femoris when 

maintaining an isometric semi-squat as well as performing dynamic squats while on the 

WBV platform compared to an overground condition [173]. Similarly, Roelents et al. [174] 

found increased muscle activity in the rectus femoris, vastus lateralis, vastus medialis, 

and gastrocnemius during an unloaded isometric high squat, low squat, and one-legged 

squat positions while on a WBV platform compared to a no-vibration control condition.  

Recently, Melnyk and colleagues [175] investigated the effect of WBV on stretch 

reflexes involved in knee joint control. Stretch reflexes of the hamstrings were evoked 

by inducing an anterior tibial translation while standing before and after a single bout of 

WBV in the treatment group compared to controls. Using EMG, increased size of short 

latency response was found along with a reduced maximal tibial translation after WBV 
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compared to the controls. Reflexive joint protection was enhanced in the hamstrings 

which protect the ACL by limiting anterior translation of the tibia on the femur after WBV 

training [175]. Based on the protective nature of the short term neuromuscular response 

following WBV at the knee, further investigation is warranted in people with ankle 

instability. In contrast to the previous study, Hopkins et al. [176] found no differences in 

electromechanical delay or reaction time in the peroneal longus after a single five 

minute bout of WBV suggesting muscle spindle sensitivity is not enhanced with WBV. 

However, the WBV platform used in that study was designed to pivot around a fulcrum 

so that the feet reciprocally oscillate instead of having a uniform vertical vibration like 

the design of a Power Plate ®. The mechanical vibration that is delivered in a platform 

that teeters side-to-side may not have the same effect as one that delivers uniform 

vertical vibration. Hopkins et al. [177] similarly found that the stretch reflex was not 

potentiated with a single five minute bout of WBV. The timing and amplitude of the 

quadriceps stretch reflex were statistically the same between the WBV and control 

groups [177].  

Although WBV platforms can be commonly found in physical therapy clinics as a 

part of variety of rehabilitation protocols, little evidence-based research exists to confirm 

or explain the effects of WBV during recovery from injury. Moezy and colleagues [178] 

investigated such effects in patients who have undergone anterior cruciate ligament 

reconstruction. Greater improvements in postural control and proprioception recovery 

occurred in ACLR patients who were enrolled in a WBV training program were found 

compared to conventional therapy [178]. WBV training began 12 weeks postoperatively 

with both the control and WBV training groups enrolling in physical therapy immediately 
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after surgery. The authors suggest that the postural control improvements may be due 

to improved synchronization of firing of motor units and cocontraction of synergist 

muscles with the mechanical vibration [178]  

Armstrong et al. [179] investigated the acute effects of WBV on soleus MN 

excitability following WBV. A single one minute bout of WBV 40 Hz at low amplitude (2-

4 mm) was used and considered as moderately high intensity. Successive 

measurements of the H-reflex were recorded at the test intensity of 30% of Mmax every 

30 seconds for 30 minutes immediately following WBV. All subjects displayed a 

significant suppression of the H-reflex during the first minute post-WBV. Four distinct 

recovery patterns were observed among the participants as the H-reflex returned to 

baseline values. Based on how a participant recovered, he/she was assigned to one of 

the four groups. All but one group had H-reflexes values return to pre-WBV levels; one 

group remained suppressed. Some showed depressed H-reflexes up to 30 minutes 

after WBV while others showed potentiation. No gender differences were found. A 

limitation of the study is only having a single, one minute bout of WBV when typically 

five to ten minutes are spent on the modality for therapeutic and exercise-based 

training. In this study we investigated the acute effects on spinal reflex modulation 

immediately following a five minute session of WBV. 

Purpose 

The aim of this study was to evaluate the neuromotor effects of WBV training in 

individuals who have CAI. Given that AMI may accompany CAI and WBV has the 

potential to increase neural drive excitability, investigation of the effects of WBV in 

individuals who have experienced ankle injury is warranted. A reorganization of 

feedback control may be taking place in people with CAI based on the evidence of the 
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altered gait patterns (increased inversion at heel strike) as well as central adaptations 

(altered recruitment patterns of hip musculature, bilateral postural control deficits, and 

anticipatory postural control alterations) that can develop in this population. Given that 

the likelihood of recurrent ankle sprain is high after an the initial ankle sprain and 

proprioception plays an important role in preventing such an injury, the principal focus 

during rehabilitation should be on re-establishing effective neuromuscular control. Our 

goal was to determine if WBV can improve AMI and proprioception in individuals with 

CAI. Specifically, we tested the hypotheses that introducing WBV would improve 1) AMI 

by examining H-reflex and 2) joint position sense in individuals with history of lateral 

ankle instability. The present study compared JPS and AMI measures in individuals with 

CAI with those of healthy controls prior to and following an intervention proposed to 

affect neuromuscular function. 
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Figure 2-1.  The talocrural axis of rotation. 
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Figure 2-2.  The subtalar axis of rotation. 
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Figure 2-3.  H-reflex and M-wave response following a single impulse. SA = stimulation 
artifact. 
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CHAPTER 3 
METHODS 

Participants 

Ten individuals with CAI (age 18-35 yrs) and ten healthy age-matched controls 

were recruited to participate in this study. Inclusion criteria for the CAI participants were 

as follows: history of at least one moderate ankle sprain which compromised the 

integrity of the lateral ligaments and required immobilization in the past, no formal 

rehabilitation, at least one recurrent ankle sprain between three and six months prior to 

participation in the study, and perceiving pain, instability, and/or weakness of the 

involved ankle. The Foot and Ankle Disability Index (FADI) and Foot and Ankle 

Disability Index Sport (FADI-S) which are 26 and eight item self-reported questionnaires 

respectively, were used to ensure that the participants met the criteria to be included in 

the CAI group (see appendix A). All activity items are scored from 0 (unable to do) to 4 

(no difficulty at all) in addition to the four pain items of the FADI which are scored from 0 

(none) to 4 (unbearable). These questionnaires yield 104 and 32-point scales in which 

lower percent scores indicate greater disability. Scores < 90% for both the FADI and 

FADI-S are typically used to classify one as having CAI [121, 180]. The FADI and FADI-S 

have been proven to be valid, reliable and precise measures capable of identifying 

individuals with AI among college-aged, recreationally active individuals [31, 180]. All 

participants were free of any lower extremity or head injury three months prior to testing. 

Furthermore, participants were excluded if they had a history of lower extremity fracture 

or surgery or had any acute or chronic orthopedic complication in which weight bearing 

was contraindicated. Other exclusions included vestibular, visual, and balance 

disorders. As per the WBV platform manufacturer’s recommendation, participants with 
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hypertension, diabetes, or cancer were excluded from the study. Additionally, 

participants were asked to maintain their normal hydration state, not to drink caffeine on 

testing days, and not to advance or increase their current fitness routine to avoid 

introducing muscle fatigue and soreness, all of which can alter the H-reflex. (Appendix 

B).  

Instrumentation 

Hoffmann Reflex 

H-reflexes were induced with a GRASS S48 muscle stimulator and GRASS 

stimulus isolation unit, model SIU8T (Grass Technologies, Astro-Med Inc., W. Warwick, 

RI) in order to produce and amplify electrical impulses. A unipolar electrode set-up was 

used in which a reusable silver/silver chloride biopotential skin electrode (Model F-E9M-

90; Gereonics Inc. Mission Viejo, CA) served as the cathode to deliver the impulses 

percutaneously while a dispersal pad placed superior to the patella served as the 

anode. Ambu® blue sensor M (Ballerup, Denmark) surface electrodes were placed on 

the soleus and peroneal muscles to detect changes in muscle activity. EMG leads were 

connected from the sensors to an electrode board (Model F-15EB/B1) as the signals 

were amplified by a GRASS physiodata amplifier system (Model 15LT) (Figure 3-1). 

Data were recorded with a custom LabVIEW Real-Time software (National Instruments 

Corporation © 2010) program which captured peak-peak amplitudes of M-waves and H-

reflexes as well as the onset of muscle response following stimulation. 

Joint Position Sense 

A Kinetic Communicator (KINCOM) dynamometer (Chattanooga Group, Inc. 

Hixson, TN) was used to measure JPS. The passive mode with constant speed and no 
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minimum force effort required for motion to occur was utilized for ankle inversion range 

of motion.  

Whole Body Vibration 

A Power Plate ® vibration platform (Personal Power Plate; Power Plate 

International Limited; Northbrook, IL, 2004) was used for all WBV sessions, while the 

Juvent 1000 platform (Juvent, Inc. ® 2007; Somerset, NJ) was used as a sham vibration 

condition (Figure 3-2). 

Procedures 

A repeated measures pre-intervention/post-intervention experimental model was 

utilized. Participants visited the laboratory three times with one visit including the WBV 

training, a sham training, and the third as a control condition. Condition order was 

randomized. An example of a typical visit schedule is outlined in Figure 3-3. Each 

participant was tested on acute neuromotor function via H-reflex and joint position 

sense. To avoid any cumulative training from occurring, a 72 hour rest period was given 

between sessions.  

H-reflex Testing 

H-reflex testing was performed to indirectly measure AMI. We percutaneously 

sent an electric impulse to a mixed peripheral nerve to elicit two EMG responses in the 

muscle of interest, the H-Reflex and M-wave (Figure 3-4). Single one millisecond 

duration square wave pulses were delivered to attain a recruitment curve. Stimulation 

intensity began at 0 volts and was increased by increments of .2 volts with ten second 

rest periods given between impulses to prevent postactivation depression. H/M 

recruitment curves [18, 145] were mapped for each muscle by increasing the stimulation 

intensity until reaching a maximum H-reflex (Hmax). The stimulation intensity was 
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continuously increased, resulting in direct stimulation of motor efferent fibers, to acquire 

a maximum M-wave (M max) amplitude. Hmax and Mmax amplitudes were used to estimate 

the excitability of the neuronal pool given that Hmax serves as an estimate of the number 

of MNs one is capable of activating in a given state. Peak to peak amplitudes of the H-

reflex and M-wave were measured for electrical stimulations at each testing period.  

Participants were positioned in a slightly reclined seated position on the KINCOM 

with the knee close to full extension (5°-10° flexion), hips flexed approximately 30° and 

the ankle in a neutral position, during all H-reflex testing (Figure 3-4). The stimulating 

electrode was positioned superior to the popliteal fossa on the tibial nerve in order to 

elicit muscle responses in the soleus muscle. The dispersal pad was placed just 

superior to the patella. Bilateral soleus and peroneal cutaneous areas were shaved if 

needed then cleansed with rubbing alcohol prior to recording electrode placement. EMG 

electrodes were placed 2 cm distal to the medial gastrocnemius and 2 cm medial to the 

posterior midline of the leg for recording electrical activity of the soleus muscle. A 

ground electrode was placed over the ipsilateral lateral malleolus. EMG signals were 

band-pass filtered from 10 to 500 Hz and collected at 2000 Hz. Baseline recruitment 

curves were recorded for the soleus muscle in each participant. H/M recruitment curves 

were collected immediately before WBV (time p) and immediately following the training 

at 0 minutes (time 0) and again 30 minutes (time 30) later for all conditions.  

Joint Position Sense 

Directly after the H-reflex assessment concluded the participant was situated for 

JPS testing. Participants were positioned on the KINCOM in a slightly reclined position 

(seat back angle 45°), hip flexed approximately 45°, knee flexed at approximately 45°, 

and ankle in a subtalar neutral position (Figure 3-5). The foot was securely strapped into 
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the ankle attachment which connected to the lever arm that allowed for the ankle to 

move in both inversion and eversion directions. One strap crossed over the forefoot 

which secured it to the platform while the other strap sat just proximal to the talocrural 

joint holding the heel in place. Passive joint positioning was assessed at two testing 

positions, 15° and 20° of inversion. Participants wore blinder glasses to eliminate visual 

cues therefore allowing for a true sense of ankle position supplied by receptors in and 

surrounding the joint. Three trials at each target angle were performed. A trial began in 

the subtalar neutral position (0°) then the ankle was slowly moved passively by the 

examiner toward the target angle. Once the target angle was reached, the position was 

held for 10 seconds allowing the participant to remember that position. The ankle was 

then moved five to ten° more into inversion and then back to the neutral position. The 

joint moved again toward the target angle at a constant five°/second this time by the 

dynamometer lever arm. As soon as the participant perceived the ankle had reached 

the target angle, he/she was instructed to exert a quick forceful contraction in the 

opposite direction that the lever arm is moving (into eversion). This resulted in a spike in 

force recorded on the KINCOM indicating the angle at which the participant believed 

was the position to be remembered. Absolute and constant error measures served as 

performance outcome scores to detect the magnitude and direction of the error, 

respectively. Similar techniques have been used to test passive JPS in individuals with 

FAI.[69, 108]  

Whole Body Vibration Training  

During each WBV session, the participant stood on the platform and receive 

vertical sinusoidal WBV at 35 Hz, 3 mm displacement, and 54 m/s2 acceleration. 

Training included five 60 second increments on the platform with a 60 second rest 
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period between each bout. Similar protocols have been used with WBV training [181-183]. 

Participants were instructed to maintain a static squat at 70 degree knee flexion angle 

while grasping the handles without pushing or pulling with the arms (Figure 3-6). During 

the sham condition, the participant was instructed to hold the same squat position and 

the same training protocol was used with one minute on and one minute off the platform 

(Figure 3-7). Participants were told that the vibration from the sham condition was 

subsensory so not to influence performance during JPS task. A handheld goniometer 

was used to ensure that the participant held the 70 degree squat position for both the 

vibration and sham conditions. During the control condition participants comfortably 

stood for 10 minutes. 

Data Analysis 

Data Reduction.  Maximum values of the H-reflex and M-waves for the soleus 

muscle were examined for analysis using a custom Matlab program. The average of 

three Hmaxes and Mmaxes were used to calculate H:M ratios at each time point. JPS angle 

error data was analyzed using EXCEL. Absolute error (AE) and constant error (CE) 

were calculated and averaged over the three trials in each of the two testing angles. 

Statistical Analysis.  A 2x3x3 (group [CAI involved limb/control limb]; condition 

[1, 2, 3]; time [p, 0, 30] analyses of variance (ANOVA) with repeated measures on the 

last two factors was used to determine if soleus muscle H:M ratios differed between the 

CAI and healthy control groups. Dependent variables included average peak-to-peak 

amplitudes measured in millivolts following stimulation of the H-reflex. Four separate 

2x3x3 (group [CAI involved limb /control limb], condition [1, 2, 3], time [p, 0, 30]) ANOVA 

with repeated measures on the last two factors examined differences among average 
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JPS AE and CE at 15° and 20° of inversion. Significance was set at .05. Bonferoni post-

hocs were performed when appropriate. 
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Figure 3-1.  H-reflex experimental set-up. Photo courtesy of author. 
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Figure 3-2.  Whole-body vibration platforms. Juvent ™ on left, Power Plate ™ my3 on 
right. Photo courtesy of author. 

 

 

 

 

 

 

 

 

 



 

57 

 

Figure 3-3.  Time line of laboratory visits. 
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Figure 3-4.  H-reflex testing position. Photo courtesy of author. 
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Figure 3-5.  Participant set-up for joint position sense. Photo courtesy of author. 
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Figure 3-6. Participant positioning on the Power Plate ™. Photo courtesy of author. 
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Figure 3-7. Participant positioning on the Juvent ™. Photo courtesy of author. 
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CHAPTER 4 
RESULTS  

Participants  

Ten participants with AI (six females, four males; 20.7 + 1.3 yrs, 169.4 + 10.7 cm, 

66.0 +10.1 kg) were included the ankle instability group. Ten age-matched participants 

(seven females, three males; 19.8 + 0.7 yrs, 165.6 + 9.2 cm, 59.1 +10.7 kg) served as 

the control group. Individuals in the ankle instability group scored below 95% on the 

FADI and below 85% on the self-reported FADI-S questionnaire and experienced a 

previous ankle sprain within six months but more than three months prior to testing.  

Neuromotor Function 

H-reflex  

Soleus H:M ratios were analyzed with a mixed design 2x3x3 ANOVA with 

repeated measures on the last two factors. Sphericity for the condition by time 

interaction was violated (Mauchly’s test of sphericity p = .005). Therefore, Greenhouse-

Geisser values were used based on the conservative nature of the test. A main effect 

for group was found for mean H:M ratios (Table 4-1). Specifically, mean H:M ratios for 

the AI group were lower than that of the healthy control group (Figure 4-1). Within 

subject analysis revealed no main effects for condition or time (Table 4-1; Figure 4-2; 

Figure 4-3). However, a trend was found (p = .072) for the condition by time interaction 

(Table 4-1; Figure 4-4). The Bonferroni post-hoc indicated an increase in H:M ratios 

between the pre-test (time p) and second post-test (time 30) thirty minutes after the 

sham treatment (p = .005). Mean H:M ratios for the remaining nonsignificant two-way 

interactions are presented in Figures 4-5 and 4-6, while means for three-way 

interactions are displayed in Table 4-2.  
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JPS 

Absolute Error 

Separate mixed 2x3x3 ANOVA with repeated measures on the last two factors 

were used to evaluate differences in JPS AE at 15° and 20°. The first ANOVA (15°) 

revealed no main effect between groups. Similarly, no main effects or interactions were 

found for within subject comparisons for JPS AE at 15° of inversion (Table 4-3). 

Likewise, The ANOVA performed on JPS AE at 20° of inversion did not reveal a group 

main effect. A main effect for condition was revealed but no interactions were observed 

(Table 4-4). Overall group means for JPS AE at 15° and 20° can be found in Figure 4-7. 

Main effects and two-way interactions for JPS AE means at 15° and 20° are displayed 

in Figures 4-8 to 4-15. Means regarding the three-way interactions are shown in Table 

4-5. 

Constant Error 

Separate mixed 2x3x3 ANOVA with repeated measures on the last two factors 

were used to evaluate differences of JPS CE at 15° and 20°. Results from the ANOVA 

for JPS CE at 15° and 20° are reported in Tables 4-6 and 4-7. Between subjects 

comparisons revealed no main effect for group at 15° (Figure 4-16). A main effect for 

time (p = .001) was seen for JPS at 15° (Table 4-6). The Bonferroni post-hoc procedure 

revealed that error at time p was less than the error at time 30 (p = .002) (Figure 4-18). 

Similarly, a trend was found between time p and time 0 (p = .064) in which the error was 

greater at time 30. A time by group interaction (p = .001) for JPS CE was also revealed 

at 15° (Figure 4-20). The Bonferroni post-hoc procedure revealed that performance 

decreased from time p to time 0 (p = .001) in the AI group. Similarly, performance 

decreased from time p to time 30 (p < .001) in the AI group (Figure 4-20). Main effects 
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and two-way interactions for JPS mean error at 15° are displayed in Figures 4-16 to 4-

20. Means for three-way interactions are displayed in Table 4-8. 

No main effect for group was found for JPS CE at 20°. Furthermore, no main 

effects for condition or time were discovered. A condition by group interaction was 

observed for JPS at 20° (Table 4-7). The Bonferroni post-hoc procedure revealed that 

during the sham condition the AI group differed from the control group (p = .036) (Figure 

4-23). More specifically, the AI group overshot the target angle whereas the control 

group undershot the target. Additionally, the AI group’s performance decreased (p = 

.007) between the control condition and the sham condition. A trend was revealed (p = 

.053) in which performance worsened between the control and the WBV condition. A 

condition by time by group interaction was found for JPS at 20° (Table 4-7). The 

Bonferroni post-hoc procedure revealed that groups performed differently during the 

sham condition at time 0 (p = .016) in which the AI group overshot the target and the 

control group undershot the target (Table 4-8). Analogously, groups performed 

differently during the sham condition at time 30 in which the AI group overshot the 

target. Main effects and two-way interactions for JPS mean error at 20° are displayed in 

Figures 4-21 to 4-24. Means for three-way interactions are display in Table 4-8. 
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Table 4-1.  H:M ratio ANOVA results 

Variable F value (df)     p    η2     

Group 5.700 (1,18) 0.028*  0.241 

Condition 0.475 (2,36) 0.611  0.026 

Time  1.373 (2,36) 0.266  0.071 

Condition*Group  0.736 (2,36) 0.476  0.039 

Time*Group  1.231 (2,36) 0.303  0.064 
 

Condition*Time  2.600 (4,72) 0.072**  0.126 

Condition*Time*Group  1.361 (4,72) 0.267  0.070 

* group main effect; **trend; significance set at alpha = .05. 
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Figure 4-1.  Mean H:M ratio means between groups; * p < .05. 

* 
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Figure 4-2. Mean H:M ratios by condition. 
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Figure 4-3. Mean H:M ratios by time. 
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Figure 4-4. Mean H:M ratios for each condition across time. 
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Figure 4-5. Mean H:M ratio by group and condition. 
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Figure 4-6. Mean H:M ratios by group and time. 
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Table 4-2.  Mean (+SD) H:M Ratio 

 
Ankle 
Instability 

Healthy 
Group     

Control time p 0.483 (0.182) 0.610 (0.152) 

Control time 0  0.497 (0.156) 0.593 (0.109) 

Control time 30 0.480 (0.185) 0.623 (0.147) 

Sham time p 0.457 (0.162)           0.595 (0.156) 

Sham time 0 0.466 (0.185)           0.639 (0.160) 

Sham time 30 0.489 (0.185)           0.659 (0.159) 

WBV time p 0.460 (0.168)           0.607 (0.135) 

WBV time 0 0.437 (0.149)           0.632 (0.128) 

WBV time 30 0.433 (0.166)           0.614 (0.135) 
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Table 4-3.  ANOVA results for JPS AE at 15° inversion 

Variable F value (df)     p    η2 

Condition 0.126 (2,36) .882  .007 

Time  2.153 (2,36) .131  .107 

Condition*Group  0.701 (2,36) .503  .038 

Time*Group  0.948 (2,36) .397  .050 
  

Condition*Time  1.148 (4,72) .341  .060 

Condition*Time*Group  0.307 (4,72) .873  .017 

      

*significance set at alpha = .05. 
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Table 4-4.  ANOVA results for JPS AE at 20° inversion 

Variable F value (df)    p    η2 

Condition 3.475 (2,36) .042  .162 

Time  0.326 (2,36) .724  .018 

Condition*Group  0.813 (2,36) .452  .043 

Time*Group  0.932 (2,36) .403  .049 
  

Condition*Time  0.714 (4,72) .585  .038 

Condition*Time*Group  0.217 (4,72) .928  .012 

      

*significance set at alpha = .05. 
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Figure 4-7.  JPS AE mean values at 15° and 20° of inversion. 
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Figure 4-8. JPS mean AE values at 15° for condition. 
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Figure 4-9. JPS mean AE values at 15° for time. 
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Figure 4-10. JPS mean AE values at 15° for group and condition. 
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Figure 4-11. JPS mean AE values at 15° for group and time. 
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Figure 4-12. JPS mean AE values at 20° for condition; * p < .05. 

* 
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Figure 4-13.JPS mean AE values at 20° for time. 
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Figure 4-14. JPS mean AE values at 20° for group and condition. 
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Figure 4-15. JPS mean AE values at 20° for group and time. 
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Table 4-5.  Mean (+SD) JPS AE at 15° and 20° 

 
Ankle 
Instability 

Healthy   
Group     

Ankle 
Instability 

Healthy   
Group  

     

 15° 15° 20° 20° 

Control time p 2.25 (1.50) 3.00 (3.25) 1.75 (0.75) 2.75 (1.50) 

Control time 0  3.00 (1.00) 3.25 (3.00) 2.00 (1.00) 2.75 (1.50) 

Control time 30 2.50 (1.00) 3.00 (2.75) 2.25 (1.25) 2.75 (1.50) 

Sham time p 3.00 (0.75) 2.50 (1.50) 2.75 (1.00) 3.50 (1.75) 

Sham time 0 3.25 (2.25) 2.25 (1.00) 2.75 (1.25) 3.00 (2.25) 

Sham time 30 3.00 (1.25) 3.00 (2.00) 2.25 (1.25) 3.00 (2.00) 

WBV time p 2.25 (1.25) 2.25 (1.50) 2.25 (1.00) 3.00 (1.75) 

WBV time 0 3.50 (0.75) 3.00 (1.50) 3.00 (1.00) 2.75 (2.00) 

WBV time 30 2.75 (1.50) 2.25 (1.25) 2.50 (1.50) 2.50 (1.75) 
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Table 4-6.  ANOVA results for JPS CE at 15° inversion 

Variable F value (df)     p    η2 

Group 0.590 (1,18) 0.452  0.032 

Condition 0.303 (2,36) 0.741  0.017 

Time  8.260 (2,36) 0.001  0.315 

Condition*Group  0.804 (2,36) 0.455  0.043 

Time*Group  8.512 (2,36) 0.001  0.321 
  

Condition*Time  0.661 (4,72) 0.621  0.035 

Condition*Time*Group  0.433 (4,72) 0.784  0.023 

*significance set at alpha = .05. 
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Table 4-7.  ANOVA results for JPS CE at 20° inversion 

Variable F value (df)    p    η2 

Group 0.339 (1,18) 0.568 0.018 

Condition 0.720 (2,36) 0.494  0.038 

Time  0.973 (2,36) 0.388  0.051 

Condition*Group  7.235 (2,36) 0.002  0.287 

Time*Group  0.136 (2,36) 0.873  0.008 
  

Condition*Time  1.563 (4,72) 0.193  0.080 

Condition*Time*Group  2.986 (4,72) 0.024  0.142 

*significance set at alpha = .05. 
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Figure 4-16. JPS CE mean values at 15° and 20° of inversion. 
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Figure 4-17. JPS mean CE values at 15° for condition. 
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Figure 4-18. JPS mean CE values at 15° for time; * time p is different than time 30 p < 
.05. 

 

* 
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Figure 4-19. JPS mean CE at values at 15° for group and condition. 
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Figure 4-20. JPS mean CE values at 15° for group and time; * AI group performed 
differently at time p than time 0, † AI group performed differently at time p 
than time 30, p< .05. 

 

* 

* 
 

† 
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Figure 4-21. JPS mean values in degrees CE at 20° for condition. 
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Figure 4-22. JPS mean CE values at 20° for time. 
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Figure 4-23. JPS mean CE values in degrees at 20° for group and condition. * AI group 
error differed from healthy group error during the sham condition; † AI 
performance differed between the control and sham conditions. 

* 

* 
† 
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Figure 4-24. JPS mean CE values at 20° for group and time. 
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Table 4-8.  Mean (+SD) JPS CE at 15° and 20° 

 
Ankle 
Instability 

Healthy 
Group     

Ankle Instability 
Healthy 
Group     

     

 15° 15° 20° 20° 

Control time p -0.75 (2.00) 0.7 (4.00) 0.00 (1.00) 0.50 (3.25) 

Control time 0  1.50 (1.50) 0.50 (3.75) -0.75 (1.50) 1.00 (2.75) 

Control time 30 1.25 (1.75) 1.25 (3.50) -0.25 (2.25) 1.50 (2.00) 

Sham time p 1.00 (2.25) 0.50 (2.50) 1.25 (2.00) 1.25 (2.75) 

Sham time 0 2.00 (3.25) 0.00 (1.50) 1.25 (2.00) * -1.00 (1.50) * 

Sham time 30 2.00 (2.25) 1.25 (3.25)  2.00 (1.50) ** -0.50 (1.75)** 

WBV time p 0.75 (1.75) 0.75 (2.00) 1.25 (1.75) -0.25 (3.00) 

WBV time 0 2.00 (2.75) 0.50 (2.75) 1.00 (2.50) 0.75 (2.00) 

WBV time 30 2.00 (2.00) 0.50 (2.00) 1.50 (2.25) 0.50 (1.75) 

* Groups differed in error at time 0 during the sham condition, p < .05; ** Groups differed 

in error at time 30 during the sham condition p < .05. 
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CHAPTER 5 
DISCUSSION 

The aim of the present study was to evaluate neuromotor function after WBV 

training in individuals who have CAI. AMI may accompany CAI and WBV may have the 

potential to increase neural drive excitability therefore investigation of the effects of 

WBV in individuals who have experienced ankle injury was warranted. This is the only 

study to our knowledge to evaluate the effects of acute WBV on neural drive and 

proprioception in those with CAI. To address these aims, neuromotor function was 

evaluated in participants with and without ankle instability prior to and immediately 

following a single bout of WBV. In addition to the treatment condition, each participant 

underwent identical evaluations under a control condition as well as a sham condition. 

AMI was evaluated using the H-reflex and JPS was observed to gauge potential 

proprioceptive changes following treatment. In the following discussion I will address 

how AMI and proprioception may change with the introduction of WBV.  

Given that the likelihood of recurrent ankle sprain is high after an the initial ankle 

sprain and balance plays an important role in preventing such an injury, the principal 

focus during rehabilitation should be on re-establishing effective postural stability and 

improve neuromuscular control. Our goal was to determine if WBV can improve AMI 

and postural control in individuals with CAI. Specifically, we tested the hypotheses that 

introducing WBV would improve 1) AMI by examining H-reflex and 2) joint position 

sense in individuals with history of lateral ankle instability. 

Arthrogenic Muscle Inhibition 

The H-reflex was used to assess MN pool recruitment, serving as an estimate of 

the excitability at the 1a – α MN synapse. One millisecond percutaneous electrical 
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stimulations over the tibial nerve were used to elicit the H-reflex as well as direct muscle 

stimulation known as an M-wave. Maximum H-reflexes and maximum M-waves were 

recorded with surface electromyography over the soleus muscle with the knee close to 

full extension. Hmax represents an estimate of the number of MNs one is capable of 

activating in a given state, whereas the Mmax represents activation of the entire MN pool, 

or maximum muscle activation, and serves as a stable measure. Therefore, comparing 

the Hmax:Mmax ratio indicates the proportion of the entire MN pool capable of being 

recruited. Higher ratios (indicating increased excitability of the MN pool) would indicate 

reduced muscle inhibition. The fact that there were no differences between baseline 

H:M ratios among the three visits indicates that we were able to reliably measure the H-

reflex. Therefore, we are confident that we were able to consistently measure the neural 

drive of the soleus muscle under each treatment condition. Furthermore, muscle length, 

limb position, and postural orientation remained constant for all laboratory visits and 

testing sessions because we were able to set and save seat and lever arm position 

information in the isokinetic dynamometer.   

The H-reflex has been evaluated under different tasks to see what changes 

occur at the 1a – α MN synapse level. The excitability of a MN pool is adjustable for 

different postures and tasks. These spinal level reflexes are controlled by multiple 

mechanisms and different pathways [184]. Changing the amount of sensory feedback 

from peripheral afferents is known as gating of spindle afferents. This gating can be 

achieved by peripheral mechanisms and from supraspinal influences such as greater 

cortical control sent through descending vestibulospinal pathways. Through both 

descending cortical and peripheral control the gating of afferent feedback is achieved 
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through presynaptic control mechanisms. The change in the gain of the soleus H-reflex, 

which is a measure of the change of H-reflex amplitude divided by the change in 

background EMG, has been studied across different postures, during locomotion, and 

tasks of varying complexity [185, 186]. The findings indicate that reflex gain can be 

modulated in a functionally appropriate manner [185, 186]. For instance, the soleus H-

reflex amplitude is suppressed in an unstable postural environment indicating greater 

cortical control over the task and less control at the spinal level to prevent unwanted 

postural oscillations [187]. The soleus H-reflex is depressed with greater muscle 

activation going from a prone to standing position [185, 186]. H-reflex suppression 

increases further from standing to walking as the task complexity rises indicating the 

gain of the reflex[188]. The adaptability of the reflexes at the spinal control level improves 

our efficiency of executing the movement. The neurological mechanisms responsible for 

modulating the H-reflex change during different environmental conditions are 

presynaptic inhibition (PSI), reciprocal inhibition, recurrent inhibition, and vestibular 

influences. PSI likely contributes to mediating changes for different stances given that 

background EMG increased during periods of postural instability at the same time H-

reflex was depressed [186]. Under descending control this can involve depolarization of 

primary afferents by inhibitory interneurons [184]. The role of different sensory inputs to 

the MN is important to understand. Visual, somatosensory, and vestibular information all 

project to the cerebellum and a convergence of the information from these sources 

allows for integration of input from multiple sources to contribute to the H-reflex 

modulation [186]. Soleus H-reflex gain is depressed when standing on one leg versus two 

and when the visual system is removed the H-reflex is depressed even more [186]. Pinar 
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and colleagues [186] found a 24.4% reduction in the gain of soleus H-reflex when vision 

was eliminated and a 68.8% depression when task complexity increased. PSI may 

contribute by interrupting 1a fiber connections to the α MN and can be influenced from 

sensory systems and form supraspinal sites responsible for motor control such as the 

basal ganglia, motor cortex, and cerebellum [186]. To avoid the effects of PSI, we 

collected the H-reflex in a seated position instead of standing.  

Using the H-reflex, McVey et al. [19] identified AMI in the soleus and peroneal 

musculature in the involved limb of patients exhibiting unilateral AI. Likewise, Palmieri-

Smith [189] reported AMI in the peroneal muscles in those with FAI. The above authors 

[189] used similar criteria to ours in order to determine whether FAI was present. H:M 

ratios for the AI group in our study were similar to those observed by McVey et al. [19], 

Palmieri-Smith et al. [189] and Sefton et al. [151]. Furthermore, our healthy group values 

are comparable to H:M ratios found in healthy individuals examined by Jeon and 

colleagues [184] in a prone position (0.58). Palmieri-Smith et al. [189] reported overall 

mean H:M ratios of .323 in the FAI group and 0.442 in the control group. Moreover, 

these authors found significantly smaller H:M ratios in the involved limb compared to the 

uninvolved limb (0.323 compared to 0.399, respectively) indicating side-to-side 

differences. In the present study the overall mean for H:M ratios in healthy controls were 

0.619 compared to 0.467 in the AI group. The diminished muscle drive appears to 

persist in those with AI and may be responsible for impaired neuromuscular firing and 

muscle weakness and can lead to reinjury and ultimately result in compromised overall 

joint health [136]. 
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Not all researchers have found lower H:M ratios in individuals with CAI. Sefton 

and colleagues [151] failed to find differences in H:M ratio in the soleus muscle of those 

with CAI. The mean H:M ratio value for the CAI group was 0.54 compared to 0.56 for 

the healthy controls. Although H:M ratio did not vary among healthy and individuals with 

CAI, paired reflex depression (PRD) and recurrent inhibition were significantly different 

between the groups [151]. Overall greater levels of recurrent inhibition were found in 

those with CAI and those with CAI were not able to modulate PRD to the same extent 

as healthy controls when going from a double to a single-limb stance. Based on 

previous research, the nervous system adaptations are likely taking place due to the 

initial peripheral joint injury. A possible mechanism for these adaptations is that the 

mechanoreceptors damaged at the time of the initial injury do not regenerate and their 

function is never fully regained which can lead to altered afferent exchange that 

persists.  

The feed-forward changes that are observed in CAI may develop as the body 

tries to compensate for the muscles that become inhibited. Sefton and colleagues [151] 

suggest that segmental spinal reflex modulation is used as a central nervous system 

adaptation of CAI . Furthermore, correlations have been found between reduced 

postural control and a decreased ability to modulate spinal reflexes [151]. Sefton et al. [151] 

additionally found that CAI participants showed higher overall levels of recurrent 

inhibition (postsynaptic inhibition) when compared with healthy matched controls. A few 

studies have shown that those with poor reflex modulation can be trained in order to 

improve modulation resulting in better postural control [152, 153]. Based on our data, no 

acute changes were made for MN drive following a single bout of WBV. The neural 
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drive remained depressed in those with CAI and no change was found in the healthy 

group.  

Whole-body Vibration  

WBV is suggested to improve neuromuscular function by enhancing 

neuromuscular excitability and recruitment patterns by stimulating sensory receptors, 

specifically the muscle spindles. The mechanisms underlying the improvements 

associated with WBV are suggested to result from reflex muscle contractions as a tonic 

vibration reflex [24, 25, 171]. Excitation of muscle spindles causes reflex contraction leading 

to enhanced activity of the Ia loop in which discharge of α-MNs increases by feedback 

from muscle spindles and the function of golgi tendon organs (GTO), which inhibit 

muscle action, are depressed [24, 25, 171, 172].  

Researchers have evaluated the effects of WBV on strength and power, as well 

as neuromuscular function by measuring muscle activation, electromechanical delay 

following reflexes and H-reflex. Acute effects of increased power and strength following 

a single bout of WBV have been observed [190, 191]. Torvinen et al. [191] found 

improvements in power, strength and balance after a four minute bout of WBV. Long-

term benefits have also been found; for instance after a 12 week WBV training period, 

Delecluse and colleagues [192] found knee extensor strength increases and 

countermovement jump height improvements. These power increases following WBV 

training could be explained by increases in the rate of force development which can be 

measured with explosive activities such as jumping. In addition to power, muscle activity 

has been evaluated during WBV. Increased EMG activity was found in the vastus 

lateralis and biceps femoris when maintaining an isometric semi-squat and while 

performing dynamic squats while on the WBV platform compared to an overground 
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condition [173]. Roelents et al. [174] found increased muscle activity in the rectus femoris, 

vastus lateralis, vastus medialis, and gastrocnemius during an unloaded isometric high 

squat, low squat, and one-legged squat with WBV compared to a no-vibration control 

condition. Performance improvements are evident with WBV and the enhancements are 

often thought to be the result of neural changes, specifically increasing muscle spindle 

sensitivity, however, there are mixed results of whether the excitability of neuromuscular 

system changes following WBV.  

Armstrong and authors [179] investigated the acute effects of WBV on soleus MN 

excitability following a single bout of WBV in healthy individuals; a one-minute bout of 

WBV at 40 Hz was implemented. The authors considered the bout to be a moderately 

high intensity exercise and enough to cause fatigue. H-reflex was recorded at the test 

intensity of 30% of Mmax every 30 seconds for 30 minutes immediately following WBV. 

All subjects displayed a significant suppression of the H-reflex during the first minute 

post-WBV. A limitation of that study is only having a single, one minute bout of WBV 

when typically five to ten minutes are spent on the modality for therapeutic and 

exercise-based training. In the present study, the acute effects on spinal reflex 

modulation immediately following a five minute session of WBV and measurements 

were made immediately after and 30 minutes after the training. McBride and colleagues 

[181] evaluated an acute bout of WBV on triceps surae muscle force and MN excitability. 

Muscle force increased at eight minutes following WBV but no differences were found 

for H:M ratios among the pretest and post-tests. These authors [181] believe 

postactivation potentiation (PAP) in which pre-exercise muscle contractions lead to 

subsequent enhanced muscle force output may have led to strength improvements 
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given the MN excitability didn’t change and muscle activation (via integrated EMG taken 

during maximal volitional contractions) stayed the same.    

Acute changes to motor output with WBV are thought to be associated with 

neural factors. One being an increase in sensitivity of muscle spindle afferent fibers and 

facilitation of α MN by increasing motor unit recruitment, increasing firing rate, and/or 

improving synchronization [25]. The improvements seen in muscle performance after 

WBV training appear to occur without an increase in the excitation of the stretch reflex 

or H-reflex [177, 183]. The excitation of the patellar tendon stretch reflex remained 

unchanged [177, 183] and the soleus H-reflex was depressed during and [182] following [179] 

WBV. This contradicts the notion that improved functional outcome is due to 

potentiation of reflex activity. In the present study, we did not find a significant reduction 

in the H:M ratio following WBV.  

Melnyk and colleagues [175] investigated the effect of WBV on stretch reflexes 

involved in knee joint control. Stretch reflexes of the hamstrings were evoked by 

inducing an anterior tibial translation while standing before and after a single bout of 

WBV in the treatment group compared to controls. Increased size of the short latency 

response was found along with a reduced maximal tibial translation after WBV 

compared to the controls suggesting that the reflexive joint protection was enhanced in 

the hamstrings which limit anterior translation of the tibia on the femur after WBV 

training [175]. Rittweger and colleagues [193] found potentiation of the patellar stretch 

reflex following WBV with a simultaneous squat exercise to exhaustion. In contrast, 

Hopkins et al. [176] found no differences in electromechanical delay or reaction time in 

the peroneus longus after a single five minute bout of WBV suggesting muscle spindle 
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sensitivity is not enhanced with WBV. However, the WBV platform used in that study 

was designed to pivot around a fulcrum so that the feet reciprocally oscillated instead of 

having a uniform vertical vibration like the design of a Power Plate ® used in the current 

investigation. Similar to the present study, Hopkins et al. [177] did not find improvement in 

neuromotor control. These authors [177] found that the stretch reflex was not potentiated 

with a single five minute bout of WBV. The timing and amplitude of the quadriceps 

stretch reflex were statistically the same between the WBV and control groups [177]. 

Cochrane and colleagues [183] examined muscle twitch and patellar reflex properties 

simultaneously following a five minute bout of WBV in a static squat position. Three 

conditions were evaluated: WBV with squat, static squat without WBV, and stationary 

cycling. Peak force, rate of force development and patellar tendon reflex were 

measured prior to WBV, 90 seconds after and five and ten minutes after each condition. 

Peak force and rate of force development was significantly greater with WBV than 

without WBV or cycling. The patellar tendon reflex was not potentiated after WBV. 

These authors [183] therefore concluded that WBV resulted in PAP. Further the authors 

[183] suggest that the PAP is due to muscle twitch potentiation or an greater myogenic 

response that occurs with WBV rather than a neural mediated effect that would be seen 

with reflex potentiation. The increase in intramuscular temperature from WBV may be a 

contributing factor of greater muscular effort immediately following WBV [194]. Similar to 

Cochrane and authors [183] our investigation did not reveal any change in neural drive at 

the spinal level.   

We discovered no changes in MN pool recruitment following WBV treatment. 

However, a trend was found for the sham condition in which H:M ratios increased from 
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baseline testing to testing 30 minutes later. The sham condition involved maintaining 

five 70° static squats for one minute intervals with one minute of rest between. Although 

neural drive did not increase immediately following the squats, by thirty minutes it was 

higher. Due to testing constraints, the Hoffmann reflex was only assessed at two time 

points following the condition, therefore greater increases in neural drive may have 

taken place between zero and 30 minutes following the squats. Using an active warm 

up of static squats may have a favorable neuromuscular effect for performance. Based 

on our findings, WBV combined with static squats does not potentiate the H-reflex. 

Trimble et al. [195] investigated the effects of an intense bout of volitional resistance 

exercise on H-reflex and detected an acute depression followed by a longer potentiation 

of the soleus H-reflex. Eight sets of ten repetitions of concentric and eccentric muscle 

contractions of the triceps surae served as the physiological stimuli. Further research is 

necessary to conclude whether neural drive is increased following a short bout of 

isometric exercise (static squats). Additionally, the effects of long-term WBV training on 

neural drive have yet to be determined.   

Moezy and colleagues [178] investigated the effects of WBV in patients with 

anterior cruciate ligament reconstruction. Greater improvements in postural control and 

proprioception recovery occurred in ACLR patients who were enrolled in a WBV training 

program compared to conventional therapy [178]. Identical rehabilitation programs began 

immediately after surgery, the only difference was the introduction of WBV training at 12 

weeks postoperatively. Improvements in postural control were found and were 

suggested to be due to better synchronization of motor unit firing and cocontraction of 

synergist muscles with the mechanical vibration [178]. Although enhanced neural drive 
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following WBV was not evident in our study, future research should evaluate introducing 

WBV training earlier in the rehabilitation process after experiencing a lateral ankle 

sprain. All of our participants that had AI were at least a year out from the initial lateral 

ankle sprain thereby allowing for potential neuromuscular feedback adjustments to set 

in. WBV training may have potential to overcome proprioceptive deficits due to impaired 

neural drive after the initial injury if implemented in a similar fashion to Moezy and 

colleagues’ [178] approach to incorporate the WBV early on during rehabilitation. Our 

investigation used WBV oscillating at 35 Hz at a depth of approximately four mm, 

settings that have been used in previous research. Finding optimal training frequency, 

duration, intensity and platform amplitude of WBV training to match rehabilitation goals 

should be the focus of treatment studies in the future. 

One factor to consider regarding typical WBV training is that the most common 

body orientation to be in while on the platform is a squat. During a squat the ankle is 

dorsiflexed thereby putting the gastrocnemius and soleus on stretch. H:M ratios have 

been shown to be depressed during a stretch [196, 197]. Little research has been done 

evaluating MN excitability following a static stretch. Following a static stretch training 

program of 30 sessions, H:M ratios were reduced after the 30th session but no changes 

were seen after the first 10 or 20 sessions. The neural effects were transient and H:M 

ratios returned back to baseline when a retention test was administered 30 days later 

[198]. Avela et al. [199] identified immediate reduction in the H-reflex (-43%) following 

repeated prolonged active stretching lasting an hour. The reduction of the H:M ratio was 

much less at 15 and 30 minutes following the stretch protocol [199]. Stretching may have 

a inhibitory effect on the αMN drive and may decrease the overall MN excitability. If this 
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is the case, it would serve as a possible explanation of the lack of increase in MN 

excitability.  

Proprioception 

Proprioception provides afferent sensory information about body movement and 

location. JPS is a reliable gauge to evaluate proprioception in both healthy and clinical 

populations. Our study assessed ankle proprioception with a passive JPS method using 

an isokinetic dynamometer. Both absolute and constant errors were calculated in order 

to thoroughly evaluate the magnitude and direction of error individuals with CAI were 

making. There are mixed findings regarding whether individuals with CAI have JPS 

deficits [200]. Our study is the first to evaluate proprioception following WBV in individuals 

with CAI. We found only one other study which has measured ankle JPS after WBV 

training in healthy individuals. Similar to our study, Pollock et al. [201] evaluated JPS after 

five one-minute bouts of WBV at 30 Hz taking measurements before, immediately, 15 

and 30 minutes following the treatment. Dorsiflexion JPS at 5°, 10° and 15° was not 

affected by the single bout of WBV. Mean absolute angle error was approximately 1.5° 

for the healthy population. The present study revealed no differences in JPS 

performance between the CAI and healthy group. The mean AE in our study was 2.43° 

and 2.82° for the CAI group versus 2.89° and 2.75° in the healthy group at 15° and 20°, 

respectively. Sekir et al. [114] found higher passive JPS error in the involved ankle of 

individuals with AI (2.35° at 10° and 3.10 At 20°) compared to the uninvolved side (1.50 

at 10° and 1.79 at 20°). Similar procedures were implemented in our study in which JPS 

was assessed with an isokinetic dynamometer using continuous passive mode. 

Furthermore, the authors [114] calculated the reliability for the JPS procedure that yielded 

intraclass coefficients of 0.90 and 0.94 at 10° and 20°, respectively. Following a 6 week 
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isokinetic strengthening program, JPS at 10° and 20° degrees improved in the injured 

ankle by approximately 1°at both target angles [114]. Re-establishing proprioception 

following injury may facilitate the improvement of postural control and foot positioning at 

foot strike during gait. 

The mean inversion JPS error values we observed in the CAI and healthy groups 

are comparable to the values of several other studies. Konradsen and Magnusson [98] 

found that the AE during active JPS was significantly greater in the affected ankle of 

individuals with unilateral AI (2.5°) compared to the uninjured side (2.0°) as well as 

when compared to healthy controls (1.7°). Similarly, Nakasa et al. [112] found side-to-side 

differences of 1.0° for those with AI compared to .2° in the healthy group and an overall 

statistically significant deficit in the AI group. When looking at constant error, Willems et 

al. [69] reported that both the FAI and control groups underestimated the passive 

inversion angle to a greater extent than controls did. Mean CE for the FAI and control 

groups were -7.90° and -7.68°, respectively, somewhat higher than the mean CE found 

in our study. Similarly, Brown et al.[110] found larger mean AE for passive JPS of 5.90° in 

FAI group and 5.13° in the controls. Like our study, Brown et al. [110] failed to find 

differences between the CAI group and healthy group. The mean CE we discovered 

was 1.32° and 0.80° in the CAI group versus 0.68° and 0.43° in the healthy group at 15° 

and 20°, respectively. When taking direction of the error into consideration, our study 

revealed that both groups overshot the target angles. Similarly, Sefton et al. [111] 

reported that both the CAI and healthy groups overshot the inversion target angle of 15° 

with no significant differences between the group means. In our study, reference angles 

were passively introduced and replication of the target angle was passive. 
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Electromechanical delay may have contributed to overestimation of the target angle 

since the participant actively produced a counterforce once the target angle was 

perceived. Conversely, Sefton et al. [111] used an active replication procedure after a 

passive target was introduced and the participants in the CAI and healthy groups 

overshot the target with means of 1.70° and 0.64°, respectively. Yokoyama and 

colleagues [113] evaluated combined plantarflexion angles with either 10° or 20° of 

inversion and found that those with FAI underestimated the plantarflexion angle. The 

clinical significance of someone who has AI and presents with impaired JPS is of 

interest. As suggested by Konradsen and Voigt [51] if the ankle is more inverted at foot 

strike during gait, one may be at greater risk to incur a sprain due to the improper foot 

positioning. This notion is further reinforced by the findings of Delahunt and colleagues 

[64] who found that those with AI had greater amounts of inversion just prior to foot strike. 

Interestingly, the WBV treatment had no effect on JPS AE or CE. We chose the 

five minute duration of WBV so not to reach the threshold of fatigue [158]. A few studies 

have evaluated the effects of fatigue on ankle JPS in healthy individuals [202, 203]. 

Sandrey et al. [202]found that postfatigue AE at inversion angles of 10° and 20° 

increased in young healthy adults. The fatigue protocol involved performing concentric 

and eccentric exercise of the ankle evertors using an isokinetic dynamometer at speeds 

of 60°/second until force was half of the maximum voluntary contraction. JPS AE 

increased from a mean of 1.56° to 2.44° at 10° and 2.00° to 3.12° at 20° [202]. These 

values are in line with the error that both groups presented with following WBV in our 

study. Prior to WBV, AE was 2.25° in the CAI group and 2.25° in the healthy group 

when tested at 15° and 2.25° and 3.00° at 20°, respectively. AE increased to 3.50° at 
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15° and 3.00° at 20° in the CAI group immediately following WBV then decreased to 

2.75° and 2.50° at 30 minutes after WBV however still remained slightly elevated. 

Proprioception performance statistically remained the same following a single bout of 

WBV in both groups. On a case by case basis, WBV actually caused a decline in 

performance. The differences in AE were not statistically significant, which may in part 

by due to low effect sizes. However, clinically it may be meaningful that those with CAI 

had worse performance following WBV. For CE, the CAI group overestimated the 

amount of inversion at 15° immediately following and 30 minutes after WBV, increasing 

from 0.78° to 2.02° and 1.92° of error, respectively. Concerning CE at 20°, the CAI 

group went from a baseline of 1.36° error to 0.99° immediately after WBV. Performance 

then decreased to 1.54° of error 30 minutes following WBV. The peroneal muscles 

eccentrically contract and guard against excessive amounts of inversion. Whether 

walking, running, or landing from a jump, the amount of inversion detected at foot strike 

is important to avoid improper foot positioning that can lead to a sprain. If someone with 

CAI can’t accurately perceive the amount of ankle inversion after exercise or fatigue it 

may put the person at greater risk of a lateral ankle sprain.   

Evaluating the variability of the error during the JPS task can give insight to the 

degree of which the participant’s performance diverged under each condition and 

testing time. We reviewed the standard deviations of AE and CE for both groups. During 

the control condition mean AE at 15° ranged from 2.25° to 3.00° in both groups with 

corresponding standard deviations ranging from 1.50° to 3.25°, with variability 

exceeding the group means at times. When compared to the WBV condition, baseline 

means and standard deviations were similar to the control condition in which both 
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groups had a mean error of 2.25° and standard deviations were 1.25° in the CAI group 

and 1.50° in the healthy group for JPS at 15°. Immediately following WBV (time 0), 

mean AE increased while variability remained the same as pre-test (time p) values 

(mean + standard deviation: CAI 3.50° + 1.00°, healthy 3.00° + 1.75°). Likewise, at time 

30 variability was similar to time p and time 0 (mean + standard deviation: CAI 2.75° + 

1.50°, healthy 2.25° + 1.25°). At 20°, mean AE ranged from 1.75° to 2.75° in both 

groups with standard deviations ranging from 0.75° to 1.50° during the control condition. 

Variability did not increase across testing times during the WBV condition (mean + 

standard deviation: time p CAI 2.25° + 1.00°, healthy 3.00° + 1.50°; time 0 CAI 3.00° + 

1.00°, healthy 2.75° + 2.00°; time 30 CAI 2.50° + 1.50°, healthy 2.50° + 1.75°). When 

evaluating CE, variability more than doubled that of the mean error scores at times 

during the control condition (mean + standard deviation: 15° time p CAI -0.75° + 2.00°, 

healthy 0.75° + 4.00°; time 0 CAI 1.50° + 1.50°, healthy 0.50° + 3.50°; time 30 CAI 1.25° 

+ 1.75, healthy 1.25° + 3.50°; 20° time p CAI 0.00° + 1.00°, healthy 0.50° + 3.25°; time 0 

CAI -0.75° + 1.50°, healthy 1.00° + 2.75°; time 30 CAI -0.25° + 2.25°, healthy 1.50° + 

2.00°). Variability did not increase following WBV (mean + standard deviation: 15° time 

p CAI 0.75° + 1.50°, healthy 0.75° + 2.00°; time 0 CAI 2.00° + 2.75°, healthy 0.50° + 

2.75°; time 30 CAI 2.00° + 2.00°, healthy 0.50° + 2.00°; 20° time p CAI 1.25° + 1.75°, 

healthy -0.25° + 3.00°; time 0 CAI 1.00° + 2.50°, healthy 0.75° + 2.00°; time 30 CAI 

1.50° + 2.25°, healthy 0.50° + 1.75°). Due to high variability of performance compared 

to the mean scores statistical differences were not evident. Overall, WBV did not cause 

a rise in variability. More importantly, WBV did not result in improved proprioception. 



 

113 

Mohammadi et al. [203] evaluated active and passive JPS AE following an evertor 

muscle fatigue protocol, as well as, playing soccer for 45 minutes in soccer players. 

Active JPS error increased from 1.9° to 3.2° at of 15° and 1.7° to 2.9° at a target angle 

of 5° less than each participant’s maximum inversion [203]   Likewise, passive JPS error 

increased from 2.8° to 4.7° and 2.3° to 3.9°, respectively [203]. Fatigue may influence the 

mechanorecptors in the muscles that provide dynamic support of the ankle [203]. 

Furthermore, the ability to perceive ankle JPS and to make postural adjustments in 

response to the detected angles is thought to be crucial to prevent an ankle sprain [69]. 

We do not believe to have induced fatigue with WBV in our investigation, but it is an 

important consideration when using WBV as a rehabilitative tool not to reach fatigue 

and then engage in activities where the ankle is vulnerable to the mechanisms of a 

sprain.  

Limitations 

Multiple measures of the H-reflex among conditions and across conditions have 

inherent variability in the Hmax and Mmax peak-to-peak amplitudes. Although every effort 

was made to replicate limb position at each testing session, some variability may have 

occurred. Participants were asked to avoid caffeine intake on testing days as well as not 

to increase the intensity or difficulty of their current exercise regimen so not to induce 

muscle fatigue, both of which can affect the Hoffmann reflex. Although the participants 

verbally said they complied with the requests, there is no way of knowing if they did in 

fact comply.  

Although the soleus muscle is a dynamic ankle stabilizer, it may not be the 

optimal choice to evaluate MN excitability for those with lateral AI given the mechanism 

of injury involves mainly frontal motion. However, the soleus is often assessed to gain 
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insight of changes in spinal control under different postures and varying tasks [184-187]. 

Furthermore, AMI has been found in the soleus and peroneals in individuals with CAI 

indicating that both muscles are affected due to the injury. Sudden inversion combined 

with plantar flexion is the motion that typically results in a lateral ankle sprain. 

Evaluation of the peroneal musculature, which primarily everts the ankle and aids in 

protecting against an inversion torque, may allow better insight to AMI in those with CAI. 

Given the ease of finding an H-reflex in the soleus muscle, the soleus was chosen for 

evaluation instead of the peroneal muscles. Furthermore, we evaluated proprioception 

in a single direction, inversion, which is a frontal plane motion. Evaluating plantarflexion, 

the primary action of the soleus, would have better matched the sagittal proprioception 

measures with the AMI assessed in the soleus muscle.  

Another limitation we encountered was having a limited sample size for the AI 

and healthy groups. Small sample sizes may have contributed to nonsignificant results 

for H:M ratios and JPS. The observed power that corresponded with the main effect for 

group for H:M ratios was 0.618. Observed power for several comparisons were below 

an optimal value of 0.80. Furthermore, effect size was less than optimal for multiple 

comparisons.   

Another limitation in our investigation is a possible ceiling effect that may have 

occurred due to the inclusion of high functioning CAI participants. Other researchers [121, 

204] have recruited individuals with CAI who score 85% or lower on the FADI. Hale and 

Hertel [180] examined the FADI and FADI-S and determined that both were sensitive to 

deficits associated with CAI. The authors [180] observed scores of 90% for the FADI and 

80% on the FADI-S in those with CAI. Five participants with CAI scored 95% on the 
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FADI while the other scores ranged from 77% to 93%. As for the FADI-S, scores for our 

CAI participants ranged from 34% to 84%. Including high functioning CAI participants 

may have reduced the chance of proprioceptive improvements. A final limitation of our 

study is the possible error in estimation associated with the electromechanical delay 

during the JPS testing. A lag may have occurred between the perception of the 

passively presented inversion target angle and the reaction time to produce a 

counteraction force with voluntary contraction which may account for the overestimation 

of the target angle. However, as previously noted, Sefton et al. [111] also observed 

overestimation of the target angle using an active JPS procedure which does not rely on 

reaction time as the passive procedures implemented in our investigation.   

Conclusion  

Neural drive is diminished in the involved limb of individuals with ankle instability. 

JPS performance was the same between those with CAI and healthy controls. A single 

bout of WBV did not improve AMI or proprioception in those with CAI nor did it have a 

benefit to healthy individuals. Furthermore, WBV deteriorated JPS performance, 

although not to a statistically significant level. The acute performance improvements 

that have been observed by researchers following WBV are not due enhanced neural 

drive as many have suggest given that the H-reflex was not potentiated. While no gains 

were found with one bout, future research should evaluate introducing WBV training 

during rehabilitation, especially when addressing the recovery of balance and 

proprioception. WBV may have the potential to overcome these deficits as a result of 

strengthening the sensorimotor pathways that are intact. It is important that future 

studies focus on finding optimal training frequency, duration, intensity and platform 

amplitude of WBV training to match rehabilitation goals. 
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APPENDIX A 
FOOT AND ANKLE DISABILITY INDEX 

Please answer every question with one response that most closely describes your 
condition within the past week.  If the activity in question is limited by something other 
than your foot or ankle, mark N/A. 
Rate the function as no difficulty at all (4), slightly difficult (3), moderately difficult (2), 
extreme difficulty (1), unable to do (0).  Rate the pain as no pain (4), mild (3), moderate 
(2), severe (1), or unbearable (0). 
 

Foot and Ankle Disability Index 

Left Ankle       Right Ankle 
 
Function Pain              Function Pain 
____   Standing      ____   
____   Walking on even ground    ____   
____   Walking on even ground without shoes  ____   
____   Walking up hills     ____   
____   Walking down hills     ____   
____   Going up stairs     ____   
____   Going down stairs     ____   
____   Walking on uneven ground    ____   
____   Stepping up and down curves   ____   
____   Squatting      ____   
____   Sleeping      ____   
____   Coming up on your toes    ____   
____   Walking initially     ____   
____   Walking 5 minutes or less    ____   
____   Walking approximately 10 minutes  ____   
____   Walking 15 minutes or greater   ____   
____   Home responsibilities    ____   
____   Activities of daily living    ____   
____   Personal care     ____   
____   Light to moderate work (standing, walking) ____  
____   Heavy work      ____   
   (push/pulling, climbing, carrying) 
____   Recreational activities    ____   
  ____ General level of pain      ____ 
  ____ Pain at rest        ____ 
  ____ Pain during your normal activity     ____ 
  ____ Pain first thing in the morning     ____ 
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Foot and Ankle Disability Index Sport 

Function Pain            Function  Pain 
____  ____ Running     ____  ____ 
____  ____ Jumping     ____  ____ 
____  ____ Landing     ____  ____ 
____  ____ Squatting and stopping quickly  ____  ____ 
____  ____ Cutting, lateral movements   ____  ____ 
____  ____ Low-impact activities   ____  ____ 
____  ____ Ability to perform activity with   ____  ____ 
   your normal technique 
____  ____ Ability to participate in your desired ____  ____ 

sport as long as you would like. 
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APPENDIX B 
PHYSICAL ACTIVITY AND DIETARY RECALL QUESTIONNAIRE   

How many times a week do you exercise? 

What kinds of activities do you do when exercising (e.g. cardio, weight-training)? 

Did you sleep a normal amount last night? 

How many hours a night do you normally sleep? 

Did you eat normally yesterday? 

Have you eaten normally today? 

Did you have breakfast this morning? 

What did you have for breakfast and at what time did you eat? 

If applicable, what did you have for lunch today and at what time did you eat? 

Did you have a normal amount of liquids yesterday? 

What did you drink yesterday? 

What have you had to drink today? 
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