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SUMMARY 

The main purpose of this thesis is to explore how vision and proprioception play a role in control of 

vertical posture. First chapter (Chapter One) introduces the thesis by first describing the functioning of 

various systems such as sensory and musculoskeletal systems and how they interact to control posture. 

Later on, the role of feedforward (APAs) and feedback (CPAs) in the control of posture are introduced. 

Finally, the main research questions are posed which investigate how alterations of visual and 

proprioceptive stimuli affect the control of posture. 

 Chapter Two describes the common methods used in all the experiments conducted. The methods 

section first describes the common experimental set-up (the pendulum) and then the instrumentation and 

how the data were processed in the experiments. 

Chapter Three describes the first experiment with the primary goal of investigating the effect of visual 

acuity on the anticipatory (APAs) and compensatory (CPAs) components of postural control. Ten 

individuals participated in the experiments involving perturbations induced by the pendulum while their 

visual acuity was altered. The different visual acuity conditions were no glasses, blurred vision induced 

by wearing glasses with positive or negative lenses, and no vision. EMG activity of trunk and leg 

muscles and ground reaction forces were recorded during the typical anticipatory and compensatory 

periods. We found that in the no vision condition the subjects did not generate APAs, which resulted in 

the largest displacements of the center of pressure (COP) after the perturbation (p<0.01). In all other 

visual conditions APAs were present showing a distal to proximal order of muscle activation. The 

subjects wearing positive glasses showed earlier and larger anticipatory EMGs than subjects wearing 

negative glasses or no glasses at all.  
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SUMMARY (continued) 

Chapter Four further evaluates the visual system in terms of visual cues. The main purpose of this study 

was to investigate the role of different visual cues on APAs as little is known about how variation in the 

available visual information affects generation of APAs.  Ten healthy young subjects were exposed to 

external perturbations induced at the shoulder level in standing while the level of visual information 

about the forthcoming perturbation was varied. The visual conditions were 1) dynamic cues (full vision 

and high frequency strobe light), 2) static cues (low frequency strobe light), and 3) no cues (eyes open in 

dark room). Electrical activity of the trunk and leg muscles and center of pressure (CoP) displacements 

were recorded and quantified within the time intervals typical for APAs. The results showed that 

significantly larger APAs were generated in conditions with dynamic visual cues as compared to the 

conditions with static cues (p<0.05).  Finally, no APAs were observed in the condition where there was 

complete absence of any visual cues. Principal Component Analysis (PCA) further revealed different 

muscle coupling patterns   in the full vision and high frequency strobe light conditions.  

The next chapter (Chapter Five) explored the role of proprioception in control of vertical posture. Thus, the 

objective of this study was to investigate the role of altered proprioception on anticipatory (APAs) and 

compensatory (CPAs) postural adjustments and their interaction. Nine healthy adults were exposed to 

external perturbations induced at the shoulder level while standing with intact or altered proprioception 

induced by bilateral Achilles tendon vibration. Visual information was altered (eyes open or closed) in both 

the conditions. Electrical activity of the eight trunk and leg muscles and center of pressure (COP) 

displacements were recorded and quantified within the time intervals typical for APAs and CPAs. The results 

showed that when proprioceptive information was altered in eyes open conditions, anticipatory muscle 

activity was delayed. Moreover, altered proprioceptive information resulted in smaller magnitudes of 

compensatory muscle activity as well as smaller COP displacements after the perturbation in both eyes 

open and eyes closed conditions.  
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SUMMARY (continued) 

The final study (Chapter Six) explores the role of both somatosensory as well as proprioceptive 

information in the control of vertical posture by investigating the effect of different support surfaces on 

feed forward and feedback components of postural control. Nine healthy subjects were positioned on a 

rigid platform, foam, and wobble board with their eyes open or closed and were exposed to external 

perturbations applied to their shoulders. Electrical activity of ten trunk and leg muscles and 

displacements of the CoP were recorded and analyzed during the time frames typical of feedforward and 

feedback postural adjustments. Earliest muscle activity was noted for the most unstable condition 

(FOAM) followed by most stable condition (FIRM) and was most delayed for the single axis unstable 

condition (WOBBLE). Moreover, FOAM showed the least APAs for distal muscles; WOBBLE for the 

intermediate and FIRM condition showed a mix of proximal and distal muscles. When eyes were closed 

(EC), all the anterior muscles were the first to show activity after perturbation followed by the posterior 

muscles irrespective of the nature of surface. Maximum CoP displacement in EC condition occurred 

when subjects were stable (FIRM) followed by relatively unstable condition (WOBBLE) and least 

displacement was recorded for the most unstable condition (FOAM). Thus, the character of the support 

surface affects both feed forward and feedback components of postural control.  

The final chapter (Chapter Seven) concludes the thesis and also describes some of the future directions 

which can be taken into consideration from the knowledge gained by this thesis as a whole. 
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CHAPTER I 

INTRODUCTION 

Human posture is controlled by the integration of information from the vestibular, 

proprioceptive, and visual systems. Numerous studies have demonstrated the importance 

of individual sensory systems in maintenance of balance. They have confirmed that 

stimulation of visual (Bronstein 1986; Dijkstra et al. 1994), vestibular (Nashner and 

Wolfson 1974; Hlavacka and Njiokiktjien 1985; Pavlik et al. 1999), and proprioceptive 

(Allum 1983; Kavounoudias et al. 1999) systems evoke body sway.  

Each sensory system detects an error indicating deviation of body orientation from a 

certain reference position, individual error signals are summed and an appropriate 

corrective torque is generated as a function of this summed signal (Peterka 2002). 

 Each of the sensory system provides substantial information (about itself and the 

environment) that is transferred from the sensory receptors to the CNS via afferent 

pathways. Sensory receptors convert energy of various forms, such as light, pressure, 

temperature, and sound  to electrical energy to be transmitted by various neurons (Enoka 

2008).  

1.1 Sensory systems and their role in control of posture 

1.1.1 Role of Vision 

Retina receives the visual information from where they are directed to at least two 

different locations in the brain. These pathways of information have been assumed to be 

specialized for different purposes; the focal system for object identification and the 

ambient system for movement control (Trevarthen 1968). The later has also been shown 

to affect strongly both stability and balance (Lee and Aronson 1974). A crucial role for 



2 
 

 

controlling posture is carried out by vision, but it can be compensated for by other 

information sources. Vision seems to 

influence balance by reacting to 

motion as a relative image shift on the 

retina (Brandt et al. 1986). Visual 

acuity (Paulus et al. 1984), visual 

contrast (Leibowitz et al. 1979), object 

distances (Brandt et al. 1986) and 

room illumination determine the 

efficiency of vision in control of 

posture.  

1.1.2 Role of proprioception and exteroception 

 Muscles, tendons and joints have the proprioceptive receptors (Enbom 1990), and give 

information about the position of the limbs and the body and the distension of the 

respective muscles. Proprioceptors include muscle spindles (type Ia and II), Golgi tendon 

organs (Ib) and joint receptors (McComas 1996).  

Different types of pressoreceptors from the sole of the foot deliver the exteroceptive 

information. Exteroceptive receptors are located in the cutaneous and subcutaneous tissue 

(Johansson and Vallbo 1980). The major types of cutaneous receptors are Meissner 

corpuscles and Merkel disks, located closest to the skin surface, and Ruffini ending and 

Pacinian corpuscles, which are located deeper (Latash 1998). 

Sensory systems 

1. Vestibular system: Inner ear (semicircular 

canals, otholiths, maculaes) 

2. Vision (retina) 

3. Proprioceptive system (muscle spindle-

type I and II, Golgi tendon organ, joint 

receptors) 

4. Cutaneous receptors (Soles of feet) 
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Although the receptors located in the joint capsules provide information about the 

movements and positions of the body parts relative to each other, their role in postural 

control has not been fully understood. The crucial role of the muscle spindles is to detect 

the changes in muscle length and tension (dynamic stretch), and they can also be 

activated by passively stretching the entire muscle. In addition to an afferent system, the 

intrafusal fibers in the muscle spindles also receive an efferent input via γ -motoneuron 

(Enoka 2008). Moreover, the pressoreceptors detect the body sway, whereas the 

mechanoreceptors can determine both the site and velocity of an indentation of the skin, 

as well as acceleration and pressure changes (Johansson and Vallbo 1980; Magnusson et 

al. 1990). 

Some essential inputs for postural control during stance are produced by proprioception. 

The information from ankle joints could be affected by the movement of the centre of 

gravity, resulting in torque around the ankle joint. Another source which also provides 

inputs is the neck muscles which give important references concerning head movement in 

relation to the trunk.  

1.1.3 Role of the controller: Central Nervous System 

Control of posture is a function of both the parts of the central nervous system (CNS), 

which is the brain and spinal cord. The thalamic nuclei, which transmit information from 

the spinal cord, basal ganglia and cerebellum and from the parietal and frontal areas of 

the cortex, provide the major input signals to the cortical neurons. The first and fastest 

response to a change in stance is triggered by spinal reflexes (Allum and Keshner 1986). 

The synapses consisting of afferent fibers, mediate the excitation of the CNS whereas the 
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inhibitory synapses use special mediators which are the interneurons. For example, 

reciprocal Ia inhibition is evoked by the low-threshold afferents in antagonist muscles, 

and recurrent inhibition of motoneurons is meditated by interneurons called Renshaw 

cells (Pierrot-Deseilligny et al. 1983). 

The CNS controls posture by the output commands which are sent to the muscles via the 

pyramidal and extra-pyramidal systems. The pyramidal cells, with their connections to 

the pre-motor and parietal cortex, transmit information to the spinal motor neurons and 

interneurons, which control voluntary movements and the segmental reflexes needed for 

balancing posture (Pyykko et al. 1990). The output of the cortical motor areas also 

includes projections to the basal 

ganglia, cerebellum and red nucleus. 

The basal ganglia and the nuclear 

groups facilitate and plan both 

voluntary and reflex movement during 

postural control. The cerebellum and 

its connections maintain co-ordination and smoothing of the reflex movements and the 

regulation of voluntary movement. 

1.2 Musculoskeletal system and its role in control of posture 

Muscles of upper and lower extremities, trunk and neck especially play an important role 

in control of posture. Interestingly enough, although the calf musculature is activated first 

to provide postural control during body movements (Nashner 1983), the co-activation of 

certain “prime postural muscles”, such as the muscles of neck, the hamstrings, the soleus 

CNS 

1. Stretch reflex 

2. Long-loop reflexes 

3. Preprogrammed reactions (Learned skills) 

4. Synergistic action 
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and supraspinalis muscles, is also necessary (Nashner 1983; Johansson and Magnusson 

1991). In addition to the above, several muscles also participate in producing both 

reflective movements with different latency times (Nashner 1983) and voluntary 

movements to balance the body position. Moreover, when these muscles are stretched, 

the proprioceptive receptors within the muscle and tendon, signal the change in muscle 

length to the central mechanism of the postural control system (Prochazka and Wand 

1980; Spirduso et al. 2005). 

 Control of posture requires 

coordinated muscle action (Johansson 

and Magnusson 1991), for example, to 

produce adequate muscular 

contractions (Era et al. 1996). Such muscles and their actions around the ankle, knee and 

hip joints are essential in balancing the body. According to the passive stiffness control 

model, ankle stiffness, as a result of the CNS being limited to the selection of appropriate 

muscle tonus, stabilizes the unstable mechanical system in quiet stance (Winter et al. 

1998). However, other researchers have pointed out mechanisms such as principle of 

reciprocal innervations in which stretch reflex responses of the muscles acting 

antagonistically about a joint are oppositely directed; with the agonists being activated by 

the stimulus and antagonists being relaxed (Lacquaniti and Maioli 1987) have been 

suggested. In addition to the above mechanisms, active mechanisms of postural 

stabilization in balanced stance (Morasso and Schieppati 1999), where the muscle and 

foot skin receptors play an essential role (Morasso and Schieppati 1999) have been 

studied as well. 

Skeletal muscle system 

1. Muscles of the upper and lower extremities 

2. Trunk muscles 

3. Neck muscles 
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1.3 Interplay between sensory systems and musculoskeletal system: concept of 

Anticipatory and Compensatory Postural Adjustments 

The CNS with various inputs to and outputs from the sensory and the musculoskeletal 

system controls the body posture. This is achieved by generating certain postural 

adjustments which either precede (feedforward or APAs) or occur after a desired 

movement (feedback or CPAs). 

1.3.1 Anticipatory Postural Adjustments 

This is the first type of correction that occurs prior to a forthcoming perturbation, is based 

on predictions of the effect of the perturbation, and is called anticipatory postural 

adjustments (APAs) or feedforward postural control (Massion 1992). Multiple studies 

documented that the APAs are dependent on many factors including, but not limited to, 

direction (Aruin and Latash 1995; Santos and Aruin 2008) and magnitude of a 

perturbation (Aruin and Latash 1996; Nouillot et al. 2000) , body stability (Nouillot et al. 

1992; Aruin et al. 1998; Nouillot et al. 2000), characteristics of motor action used to 

induce a perturbation (Aruin and Latash 1995; Aruin 2003), body configuration (van der 

Fits et al. 1998; Aruin 2003) and fear of falling (Adkin et al. 2002).  

APAs play a crucial role during conditions where our stability and thus balance is 

challenged. Postural stability is usually challenged by perturbations. Perturbations can be 

classified into two different types: internal and external. While reaching for a book or 

lifting a leg during gait initiation are examples of internal perturbations that we 

experience daily; standing on a moving bus or being hit by another person while walking 

in a crowded train station are examples of external perturbations. Thus, APAs serve the 
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CNS to ensure that human beings maintain their balance while being challenged in 

various situations.  

1.3.2 Compensatory Postural Adjustments 

The second type of postural reaction is called Compensatory Postural Adjustments or 

CPAs. Such CPAs  are initiated by sensory feedback signals (Park et al. 2004; 

Alexandrov et al. 2005), and serve to restore the body’s position (Macpherson et al. 1989; 

Maki and McIlroy 1996; Henry et al. 1998a; Henry et al. 1998b). Past literature suggests 

that CPAs depend upon many factors including, but not limited to, direction and 

magnitude of perturbation, dimensions of base of support (Horak and Nashner 1986; 

Henry et al. 1998a; Dimitrova et al. 2004; Jones et al. 2008), predictability of 

perturbation characteristics (Burleigh and Horak 1996), instructions given to the subject 

(McIlroy and Maki 1993), and the implementation of a secondary task (Bateni et al. 

2004). 

Thus, CPAs are a way in which the CNS devises a strategy to minimize the damage to the 

system after sustaining a perturbation. This, adjustment ensures the activity of postural 

muscles occurs after the body perturbation and thus try to maintain equilibrium. 

 

1.4 Alteration of vision and proprioception: How it affects Anticipatory Postural 

Adjustments and Compensatory Postural Adjustments? 

The goal of this thesis is to understand how alteration of vision and proprioception will 

affect posture by laying the emphasis on the key postural corrections: APAs and CPAs. 

A common methods section stated in Chapter Two was used for the four experiments 

described from Chapter Three to Six. 
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Chapters Three and Four will help us understand how altering vision will affect control of 

posture. The first experiment described in this thesis focuses on understanding how 

conditions of different visual acuity (by differently powered glasses) affect APAs and 

CPAs (Chapter Three). The second experiment investigates how visual cues (static vs. 

dynamic) affect generation of APAs in control of posture (Chapter Four). 

Chapters Five and Six explore the role of proprioceptive and somatosensory systems in 

control of vertical posture. The third experiment lays foundation in understanding how 

disrupted proprioceptive inputs from the ankle joints (by a miniature tendon vibrator)  

affect control of posture under different visual conditions (Chapter Five). The fourth and 

the final experiment  further explores the role of somatosensory and proprioceptive 

information while individuals stand on different support surfaces such as foam, rigid 

surface or a wobbling board (Chapter Six). 

Finally Chapter Seven concludes the thesis and also describes some of the future 

directions which can be taken into consideration from the knowledge gained by this 

thesis as a whole. 
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CHAPTER II 

METHODS 

This chapter describes the common methods that will be used in all the subsequent 

experiments presented in this thesis. 

2.1 Experimental Set-up 

The subjects were instructed to maintain an 

upright stance with their feet shoulder width 

apart while standing bare feet on the force 

platform. They were positioned in front of 

an aluminum pendulum attached to the 

ceiling (Fig 1). An additional load 

(mass = 5% of subject’s body weight) was 

fixed to the pendulum at its lower end.  

 

 

 

Fig 1: A schematic showing the experimental set-up. 

 

The width of the padded hitting surface of the pendulum was adjusted to match the 

subject’s shoulder width. The pendulum was positioned at an initial angle of 30° to the 

vertical (distance of 0.6 m from the body) and released by an experimenter. Perturbations 

consisted of unidirectional forces applied by the pendulum on the shoulders of the 

subjects. The subjects were instructed to look straight towards a target attached to the 

pendulum at eye level and maintain their balance after the perturbation. A chalk was used 
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to mark the subject’s foot position on the top of the force platform at the start of the 

experiment. This foot position was checked by the experimenter throughout the 

experimental conditions. The magnitude and direction of the pendulum perturbations 

were kept constant throughout the study. 

In addition, no advance warning of the impending perturbation was provided. The 

subjects wore wireless headphones playing music throughout all of the conditions to 

mask any kind of auditory information, which may alert them about the moment of 

release of the pendulum. For safety purposes during all of the experimental conditions the 

participants were provided with a harness with two straps attached to the ceiling. The 

subjects performed two to three practice trials in each experimental condition prior to the 

start of data collection. Five trials each of 5 s in duration were performed in each 

experimental condition and the order of the conditions was randomized. 

2.2 Instrumentation 

Electrical activity of muscles (EMGs) was recorded unilaterally (right side) from the 

trunk, thigh and leg muscles. The selected groups of muscles are involved in control of 

vertical posture while dealing with symmetrical perturbations induced in the sagittal 

plane and were previously used to study anticipatory and compensatory control of posture 

(e.g. (Latash et al. 1995; Aruin and Latash 1996)). After the skin area was cleaned with 

alcohol wipes, disposable electrodes (Red Dot 3M) were attached to the muscle belly of 

each of the muscles, based on recommendations reported in the literature (Basmajian 

1980). After similar skin preparations, a ground electrode was attached to the anterior 

aspect of the leg over the tibial bone. The EMG signals were collected, filtered and 
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amplified (10–500 Hz, gain 2000) with a commercially available EMG system (Myopac, 

RUN Technologies, USA). 

Ground reaction forces and moments of forces were recorded using a force platform 

(Model OR-5, AMTI, USA). An accelerometer (Model 208CO3, PCB Piezotronics Inc., 

USA) was attached to the subject’s proximal clavicle; its signal was used to record the 

moment of pendulum impact. The forces, moments of forces, EMG and accelerometer 

signals were digitized with a 16 bit resolution at 1000 Hz by means of a customized 

LabVIEW 8.6.1 software (National Instruments, Austin, TX, USA). 

2.3 Data Processing 

The data were analyzed off-line using the MATLAB (Math Works, Natick, MA) 

program. First, the accelerometer signal was corrected for offset, and ‘time-zero’ (T0 = 0, 

the moment of pendulum impact) was acquired by a computer algorithm as a point in 

time at which the signal exceeded 5% of the maximum acceleration. This value was 

confirmed through visual inspection by an experienced researcher. Then, all the trials 

were aligned to T0. EMG signals were then rectified and filtered with a 50 Hz low-pass, 

2nd order, zero-lag Butterworth filter, while the reaction forces and moments were 

filtered with a 20 Hz low-pass, 2nd order, zero-lag Butterworth filter. Data in the range 

from −1000 ms (before T0) to +1000 ms (after T0) were selected for further analysis. 

Processed trials within each condition were averaged for each subject. Integrals of EMG, 

muscle latencies, and center of pressure displacements were calculated. 

2.3.1. Integrals of the Electromyography 

The average EMG signals for each muscle and each subject were integrated (IntEMGi) 

with 150 ms time windows for a total of 6 time windows representing the −400 ms 
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to + 500 ms of the data. Each of the time windows were further corrected by the averaged 

150 ms baseline activity time window of the corresponding EMG integral from −1000 ms 

to −850 ms in relation to T0.
 
 

(1)  

  

In Eq. (1), IntEMGi is the integral of EMG activity of muscles inside each 150 ms interval, 

which was corrected, by the baseline activity. Then the integrals of EMG for each muscle 

for each subject were normalized to maximal magnitude across all of the conditions 

(Eq. (2)). 

(2)  

maxIEMG

Int
IEMG iEMG

NORM 

 

Due to the normalization, all of the IEMGNORM values were within the range from +1 to 

−1. Four epochs were selected (each of 150 ms in duration) in relation to T0.  

The four epochs were: (1) from −250 ms to −100 ms (anticipatory, APA1); (2) from -

100 ms to + 50 ms (anticipatory, APA2); (3) from +50 ms to +200 ms (compensatory 

reactions, CPA1); and (4) +200 ms to +350 ms (late compensatory reactions, CPA2) 

(Santos et al. 2010b; Santos et al. 2010a). 

2.3.2. Muscle latencies 

Muscle latencies were detected in a time window from −250 ms to +250 ms in relation 

to T0 by a combination of a computer algorithm and visual inspection of the individual 
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trials for each muscle. To identify the baseline, mean and standard deviation (SD) of the 

EMG signal were calculated from −500 ms to −400 ms before T0. The latency for a 

specific muscle was defined as the instant lasting for at least 50 ms when its EMG 

amplitude was greater (activation) or smaller (inhibition) than the mean  2 SD of the 

baseline.  

2.3.3. Center of Pressure calculation 

Time-varying COPAP displacements were calculated using the following approximation 

(Winter et al. 1996): 

(3)  

 

Z

AP
F

dzFyMx
COP




 

where, Mx is the moment in the sagittal plane, Fz and Fy are the vertical and anterior–

posterior components of the ground reaction force, and dz is the distance from the origin 

of the force platform to the surface (0.038 m). Since the perturbations were induced 

symmetrically, only COP displacements in the anterior-posterior direction (Y-axis 

according to our experimental set-up) will be reported. The COPAP signals were averaged 

with 50 ms time windows for a total of 20 time windows representing the −450 ms to 

+550 ms of the data and corrected by its respective baseline (averaged COP baseline 

activity from −950 ms to −800 ms in relation to T0). The COP data windows were shifted 

50 ms forward to account for the electro-mechanical delay (Cavanagh and Komi 1979; 

Howatson et al. 2009). We calculated the peak magnitude of the COP, the time of the 

peak magnitude, and the magnitude of COPAP at the moment of perturbation (T0). 
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The methods described above have been repeatedly used over the last two decades by 

many investigators both from our lab and others. 
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CHAPTER III 

CONTROL OF POSTURE: REDUCED ACUITY 

Data presented in this chapter have been published as: Mohapatra S, Krishnan V, Aruin 

AS (2011). The effect of decreased visual acuity on control of posture. Clin Neurophysiol 

123: 173-182. 

 

3.1 Background 

Postural stability depends not only on the functionality of the visual system but also on 

the distance (Le and Kapoula 2006) and illumination of the visual targets (Straube et al. 

1990). Moreover, past posturo-graphic experiments have revealed increased postural 

instability in conditions with reduced visual acuity induced by semitransparent foils 

(Paulus et al. 1984) and increased postural sway area in the elderly with poor near vision 

acuity (Lichtenstein et al. 1988). It was also reported that if poor visual acuity and 

contrast sensitivity are combined with insufficient proprioceptive information associated 

with standing on a compliant surface, postural sway escalates, thus increasing the risk of 

falls (Lord and Webster 1990; Lord et al. 1991b; Elliott and Chapman 2010). 

Additionally, it was demonstrated that motion in the peripheral visual field and changes 

in stereo acuity and depth perception, that result in blurring vision, can affect control of 

posture (Previc and Neel 1995) and might increase risk for falls (Dhital et al. 2010). 

Furthermore, poor vision is an established risk factor for falls in the elderly (Harwood 

2001; Lord 2006). It was also reported that older people who wear glasses with outdated 

prescriptions or no glasses at all are more prone to falls (Jack et al. 1995). Moreover, the 

rate of falls in the elderly who use multifocal glasses is increased and the incidence of 
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falls in this population could be minimized by usage of single lens glasses (Haran et al. 

2010). 

The role of acuity of vision in control of posture being crucial; it also matters how the 

different acuity conditions affects the two major components of postural control: APAs 

and CPAs. It was demonstrated recently that CPAs are reduced in the presence of APAs 

and that they are increased when no APAs are generated (Santos et al. 2010a). The 

described relationship between APAs and CPAs was established in experiments where 

subjects were perturbed by a pendulum impact in conditions with either full vision (APAs 

are generated) or while being blindfolded (no APAs are generated). While these extreme 

visual conditions demonstrate the importance of visual information in generation of 

feedforward postural adjustments, it is unknown how other visual conditions affect the 

interplay between APAs and CPAs. Moreover, to the best of our knowledge no data 

exists on the effect of eyeglasses in generation of APAs and CPAs. 

3.2 Subjects 

Ten subjects (3 males and 7 females) without any known neurological or musculoskeletal 

disorders participated in the experiment. The mean age of the subjects was 

25.2 ± 2.5 years; mean body mass 62.6 ± 13 kg; and a mean height of 1.67 ± 0.08 m. All 

of the subjects had normal vision and signed an informed consent approved by the 

Institution Review Board of the University of Illinois at Chicago. 

3.3 Procedure 

The subjects were instructed to look straight towards a target attached to the pendulum at 

eye level and maintain their balance after the perturbation. The four experimental 

conditions were: (1) eyes open with no eye glasses (no glasses); (2) eyes open with eye 
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glasses of +10 Dioptre (positive); (3) eyes open with eye glasses of −6.0 Dioptre 

(negative); and (4) eyes closed (no vision) (Fig 2). Wearing positive glasses (convex lens) 

forms the image in front of the retina, causing the image to appear blurred; looking 

through negative glasses (concave lens) forms the image behind the retina causing the 

object to appear clear at first but become blurrier 

as the object gets closer (Pedrotti and Pedrotti 

1998). As such, the positive powered eye glasses 

blurred and magnified the image of the pendulum, 

and the negative powered eye glasses blurred and 

diminished the size of the pendulum as seen by 

the subject.  

 

Fig 2: A schematic showing the various visual acuity conditions. 

 

In the no-vision condition, the subjects did not see a pendulum at all and were therefore 

not aware of the moment of its release. The magnitude and direction of the pendulum 

perturbations were kept constant throughout the study. Electrical activity of muscles 

(EMGs) was recorded unilaterally (right side) from the following muscles: tibialis 

anterior (TA), soleus (Sol), biceps femoris (BF), rectus femoris (RF), gluteus medius 

(GMED), rectus abdominis (RA), external oblique (EOb) and erector spinae (ES). 

 

3.4 Statistical Analysis 

Multiple repeated measures ANOVAs were performed with two within subject factors: 

visual condition (no glasses, negative, positive and no vision) and epochs (APA1, APA2, 
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CPA1 and CPA2). Subsequent multiple repeated measures ANOVAs were performed 

with three visual conditions and four epochs. The vision conditions were (a) normal-

negative, (b) normal-positive, and (c) positive–negative. The dependent variables were 

IEMGNORM, latency of trunk and leg muscles, peak magnitude of the COPAP, time of the 

peak magnitude, and magnitude of COPAP at the moment of perturbation (T0). A post hoc 

analysis with Bonferroni correction was further done to compare between conditions, 

epochs and their interactions. In case the Mauchly’s test of sphericity was not met, the 

Greenhouse–Geisser correction was used. For all tests, statistical significance was set 

at p < 0.05. Statistical analysis was performed in SPSS 17 for Windows 7 (SPSS Inc., 

Chicago, USA). 

3.5 Results 

3.5.1 Electromyography profiles 

Fig. 3 shows EMG traces obtained from the anterior (TA) and the posterior (Sol) muscles 

of a representative subject performing the experimental task under four different visual 

conditions. Anticipatory activity seen as bursts (TA) and inhibition (Sol) of the 

background EMG activity was present in the three conditions with vision available. Quite 

to the contrary, anticipatory activity was negligible in the no vision condition. As a result, 

larger compensatory EMG activity was observed in conditions with no vision as 

compared to other visual conditions. 

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0010
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Fig.3. EMG patterns (averaged across 5 trials) for a representative subject for the anterior (TA) 

and the posterior (Sol) muscles of the right side are presented across all the visual acuity 

conditions. 
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3.5.2 Integrals of Electromyography activity 

Fig. 4 shows anticipatory IEMGNORM of the trunk and leg muscles averaged across 

subjects. In general, the anticipatory integrals of EMG (APA1 and APA2) are seen in all 

conditions with vision available. On the contrary, anticipatory integrals of EMG for the 

no vision condition were negligible in the three anterior muscles (RA, RF, and TA). 

Moreover, the magnitudes of the CPA integrals, especially the CPA1, were the largest in 

the no vision condition.  

Comparatively, the existence of anticipatory activity of the anterior muscles in the 

conditions with no glasses and with differently powered glasses was associated with 

smaller integrals of EMG during the CPA1 and CPA2 intervals as compared to the no 

vision condition. Table I shows the repeated measures ANOVA results for conditions, 

epochs and their interaction. The statistical analysis revealed that there was a significant 

effect of the conditions, epochs and their interactions. Post hoc analysis showed the no 

vision condition to be significantly different from conditions with no glasses and 

conditions in which subjects wore positive eye glasses in the TA (p < 0.05). Post hoc 

analysis also showed that the APA1 and APA2 were significantly different from CPA1 

across all anterior muscles (p < 0.01). Moreover, the IEMGNORM for TA showed a trend 

in which the CPA1 magnitude was the highest followed by CPA2, APA2 and APA1. 

The posterior muscles (ES and Sol, with the exception of BF) showed inhibition during 

the APA1 and APA2 epochs in all conditions involving vision (Fig. 4). ES, BF, and Sol 

IEMGNORM calculated during the APA epochs were negligible in the no vision condition, 

but were, however, very large during the CPA1 epoch across all muscles.  

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0015
http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0015
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Fig 4. Mean EMG integrals during the four visual acuity conditions across ten subjects. Each 

column represents the IEMGNORM for 150 ms epochs (APA1, APA2, CPA1 and CPA2) with its 

standard error bars. ∗ Indicates statistical significance between visual conditions at p < 0.05. 
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Table I. Repeated measures ANOVA of IEMGNORM for conditions, epochs and their interaction. 

The results are shown for the four experimental conditions: no glasses, positive and negative 

glasses and no vision and four epochs: APA1, APA2, CPA1 and CPA2. 

 

The results of statistical analysis revealed that the epochs and their interactions were 

significant across all muscles. Additionally, the effect of conditions was significant for 

the ES and SOL muscles. Post hoc analysis showed the no vision condition to be 

significantly different from other visual acuity conditions in ES (p < 0.01). Moreover, 

IEMGNORM in the SOL during the no vision condition were significantly different from 

integrals calculated in conditions with no glasses and in conditions with positive eye 

glasses (p < 0.05). The APA1 and APA2 epochs were significantly different from the 

CPA1 epoch in all posterior muscles (p < 0.01). 

The anticipatory integrals of EMGs for the lateral muscles (EOb, GMED) were also 

observed in conditions with vision available, and the APA integrals were negligible in the 

no vision conditions (Fig. 4). The absence of APAs in the no vision conditions resulted in 

large IEMGNORM during the CPA epochs. Statistical analysis revealed significant effects 

of conditions, epochs and their interaction. Post hoc analysis showed that the no vision 

Muscles Conditions Epochs Conditions X Epochs 

 F (3,27) p F (3,27) p F (9,81) p 

RA 3.49 0.03 49.19 <0.0001 7.75 <0.0001 

RF 4.92 0.007 99.63 <0.0001 25.87 <0.0001 

TA 10.55 <0.0001 163.90 <0.0001 19.75 <0.0001 

ES 21.13 <0.0001 35.94 <0.0001 15.69 <0.0001 

BF 3.82 0.06 35.84 <0.0001 25.26 <0.0001 

SOL 10.41 <0.0001 13.25 <0.0001 3.89 <0.0001 

EOb 16.82 <0.0001 177.35 <0.0001 19.33 <0.0001 

GMED 14.14 <0.0001 79.52 <0.0001 23.62 <0.0001 

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0015
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condition to be significantly different from other visual acuity conditions for both the 

EOb and GMed muscles (p < 0.05). The integrals for the APA 1 and APA 2 epochs were 

significantly different from IEMGNORM during the CPA 1 and CPA 2 epochs in both of 

these muscles (p < 0.01). Post hoc analysis of the epochs for the EOb and GMed showed 

a trend in which CPA1 magnitude was the highest followed by CPA2, APA2 and APA1. 

When statistical analysis was performed comparing the three visual conditions, the results 

revealed a significant effect for BF: main effect of vision (F2,18 = 3.19; p = 0.058) and 

main effect of epochs (F3,27 = 15.67; p < 0.01) but no interaction. Pair wise analysis of 

IEMGNORM between conditions with positive and negative glasses showed that the 

difference was approaching the level of statistical significance (p = 0.058). Post hoc 

analysis of the epochs for all the studied muscles showed that CPA1 epoch was 

significantly greater than APA2 epoch. 

Additional statistical analyses were performed to assess the effect of blurred vision. Thus, 

there was a significant main effect of condition (positive and negative glasses) in BF 

(F1,9 = 8.09, p = 0.02), Sol (F1,9 = 7.13, p = 0.026), RF (F1,9 = 5.23, p = 0.048) and it was 

close to the level of statistical significance in EOb (F1,9 = 4.06, p = 0.07). There were 

conditions-epochs interactions observed in RF (positive–negative 

glasses, F3,27 = 3.94, p = 0.019 and no glasses-positive glasses F3,27 = 3.51, p = 0.029). 

The visual conditions (no glasses-positive glasses) × epochs interactions revealed that 

positive glasses resulted in increased magnitudes of RF IEMGNORM in the APA1 whereas 

IEMGNORM decreased during the CPA1. In addition, visual conditions (negative glasses-

positive glasses) × epochs interactions revealed lesser IEMGNORM in APA1 in conditions 

with negative glasses which resulted in larger IEMGNORM in CPA1 epoch. 
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3.5.3 Onsets of Electromyography activity 

The onsets of EMG activity of all studied muscles for each of the four experimental 

conditions are presented in Fig. 5. In all conditions with vision available (no glasses, 

positive and negative glasses) a distal to proximal pattern of activation or inhibition of 

muscles (with the exception of ES) could be noticed. Thus, in the no glasses condition the 

distal muscles showed anticipatory activation (e.g. TA at −142.1 ± 12.3 ms) followed by 

the activation of intermediate muscles (e.g. RF at −135.4 ± 7.2 ms). The proximal 

muscles were the last to activate (e.g. RA at −56.8 ± 6.7 ms). When the subjects wore 

positive glasses, a similar distal to proximal pattern was seen (TA at −166.7 ± 10.6 ms, 

RF at −141.6 ± 10.4 ms, and RA at −81.3 ± 10.3 ms). This pattern was also preserved in 

conditions with negative glasses (TA at −133.2 ± 11.6 ms, RF at −127.4 ± 12.2 ms, and 

RA at −63.03 ± 8.1 ms). In the no vision condition, muscles were active only after the 

perturbation (e.g. TA at 49.9 ± 1.6, RF at 49.4 ± 1.6, and RA at 48.8 ± 2.2) and did not 

follow any specific pattern of activation or inhibition. 

In general, in conditions with positive glasses, latencies of all muscles were the earliest 

when compared to other experimental conditions. The latencies recorded in conditions 

with negative glasses and no glasses at all followed the latencies in the conditions with 

positive glasses. This could be best observed in Sol, BF, RA, and ES (negative glasses) 

and in TA, RF, GMED and EOb (no glasses). 

The results of statistical analysis comparing the four experimental conditions are 

presented in Table II. 

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0020
http://www.sciencedirect.com/science/article/pii/S1388245711004287#t0010
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Fig 5. Muscle latencies for the four experimental conditions. Note that in the no vision conditions 

the onset of activity for all studied muscles is after the perturbation (T0). The onsets of activity of 

muscles in conditions with no glasses, positive and negative eyeglasses are before the 

perturbation impact (T0). Latencies are grouped for proximal, intermediate and distal muscles. 
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Pair-wise analysis revealed that significantly different results for all the muscles were 

only found for the no vision condition when compared with all other visual conditions 

(p < 0.05) as well as between the positive and no glasses conditions (p < 0.05). 

 

Muscles RA RF TA ES BF Sol EOb GMED 

F3,120 60.07 123.52 333.62 83.89 89.38 103.06 82.09 110.95 

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 

Table II. Repeated measures ANOVA of latencies for all the muscles. The results are shown for 

the four experimental conditions: no glasses, positive and negative glasses and no vision. 

 

Additional statistical analysis comparing the latencies in the three visual conditions (no 

glasses, positive and negative glasses) revealed a main effect of conditions for TA 

(F2,78 = 3.85, p = 0.03), Sol (F2,78 = 3.05,p = 0.05), and EOb (F2,78 = 4.46, p = 0.02). Pair 

wise comparison revealed differences between the positive and negative glasses 

conditions in TA (p = 0.02) while differences approached the level of significance in EOb 

(p = 0.05). In addition, differences between the positive and no glasses conditions were 

near the level of statistical significance for EOb (p = 0.05) and Sol (p = 0.07) muscles. 

3.5.4 Changes in the Center of Pressure displacement 

The CoP displacements were all in the backward direction irrespective of the visual 

condition. The statistical analysis comparing all the four conditions showed main effect 

of conditions for displacement of CoP (F3,27 = 24.28, p < 0.0001) and for the peak CoP 

displacement after perturbation (F3,27 = 24.43, p < 0.0001). The displacement of CoP at 
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the moment of perturbation (T0) in the no vision condition was the smallest (p < 0.01) 

(Fig. 6A).  

Although not statistically significant, the time at which CoP displacement reached its 

peak after the perturbation was the shortest in experiments with positive glasses. It was 

slightly longer in conditions with negative glasses and no glasses. In the no vision 

condition the time at which CoP displacement reached its peak was the longest among all 

four conditions (Fig. 6B).  

The peak CoP displacement (measured after the perturbation) was significantly higher 

(p < 0.01) for the no vision condition when compared to the other conditions in which 

vision was available (Fig. 6C). However, when statistical analysis was performed for the 

three vision conditions, no statistical significant results were found. 

 

Fig 6. The magnitude of CoP displacement at T0 (A), the time of the CoP peak (B) and the 

magnitude of peak CoP displacement (C) are shown as mean with standard errors. CoP positive 

values correspond to displacements in the direction opposite to the perturbation. Note that, CoP 

displacements in conditions of standing with no vision are larger than in conditions with no 

glasses and when wearing positive or negative eyeglasses. * Indicates statistical significant 

differences at p<0.05 

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0025
http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0025
http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0025
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3.6 Discussion 

The current study was designed to investigate how the changes in visual acuity, induced 

by wearing differently powered glasses, influence APAs and CPAs in terms of muscular 

activity and COP displacements. The outcome of the experiments demonstrated that the 

subjects were able to generate APAs in conditions with blurred vision, thus, partially 

disputing the hypotheses that blurred vision induced by wearing differently powered eye 

glasses will affect the generation of APAs. The second hypothesis, that blurred vision 

influences the relationship between APAs and CPAs, however, was supported as we 

observed vision condition-related changes in CPAs. 

3.6.1 Role of full vision 

The role of vision in minimizing body sway has been reported earlier (Paulus et al. 1984; 

Wade and Jones 1997). However, the literature on the effect of vision in generation of 

APAs is scarce. This is partially due to the fact that APAs were mostly studied using self-

initiated body perturbations such as fast arm (Belenkiy et al. 1967; Friedli et al. 1984) or 

leg (Nardone and Schieppati 1988) movements. Since the parameters of the self-induced 

body perturbation became available to the subject’s CNS even with no vision, APAs 

could be expected even in conditions with no vision. Moreover, previously used 

approaches included voluntary movements, such as arm lifts (used to study APAs and 

CPAs) or application of unexpected external perturbations, such as movement of the 

platform on which the subjects stood (to study CPAs) (Hughey and Fung 2005; Gage et 

al. 2007). However, due to the difference in nature of the perturbations applied, the 

control processes differed and the outcomes could not be compared. The pendulum-

impact paradigm that we used in the current study allows us to apply the same magnitude 
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of whole-body external perturbation (the nature of which does not change during the 

experiments) to human upright posture, thereby allowing both APAs and CPAs and their 

interaction to be studied. 

The results of the current study reveal that in conditions with vision available, strong 

APAs (seen as bursts of activity in the majority of muscles and inhibition of activity in 

ES and Sol) were observed. However, when vision was not available, no APAs were 

called into play since no information on the moment of the pendulum release was 

available. Hence, large compensatory postural adjustments were used in order to restore 

balance (Fig. 6). This result is in accordance with the recent literature that reported a lack 

of APAs and large CPAs in blindfolded conditions (Santos et al. 2010a). Thus, the 

outcome of the current study further supports previous data on the importance of full 

vision in the generation of anticipatory postural adjustments and subsequent minimization 

of compensatory corrections. 

3.6.2 Role of blurred vision 

It has been described in the literature that blurred vision affects how humans control their 

posture. For example, it was reported that blurred vision was responsible for the 

increased postural instability in healthy subjects when somatosensory and vestibular 

inputs were disrupted (Anand et al. 2002). Moreover, there was a 25% increase in 

postural instability in individuals with myopia when they did not wear glasses (Paulus et 

al. 1984). Visual loss can also be associated with age related macular degeneration 

(Szabo et al. 2008), or diseases such as glaucoma, cataract, diabetes mellitus (Dhital et al. 

2010) and multiple sclerosis (Regan et al. 1981). It was also reported that subjects took 

http://www.sciencedirect.com/science/article/pii/S1388245711004287#f0015
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11% longer to execute a stepping task when their vision was blurred by cataract 

simulation (Heasley et al. 2004). 

Blurred vision in the current study was induced by wearing eyeglasses with positive or 

negative lenses which affected the perception of the pendulum impact. When compared 

to the perception of the pendulum in the no glasses condition, negative glasses caused the 

pendulum to appear clear but farther away at the moment of its release, while positive 

glasses caused the pendulum to appear blurred and closer at the moment of its release. 

The observed differences in latencies of anticipatory EMGs as well as IEMGNORM for 

certain conditions (i.e., negative glasses and positive glasses) were associated with 

differences between eyeglasses. For example, it appears as though positive lenses create a 

perception that the pendulum is going to hit the body sooner than in conditions with no 

glasses. This perception might result in the CNS selecting a strategy of an earlier and 

larger anticipatory activation of certain postural muscles to prevent body destabilization. 

On the other hand, negative lenses cause the object to be perceived as positioned farther 

away, thus delaying and reducing the anticipatory preparation needed to handle the 

forthcoming perturbation. Indeed, the latency analysis revealed that anticipatory 

activation of muscles was seen early in conditions with positive glasses as compared to 

negative glasses or no glasses conditions. Hence, we can assume that the glasses-related 

differences in perception of the pendulum affect the timing and magnitude of anticipatory 

muscle activation. Furthermore, we observed that the vision-related changes in APAs 

translated to differences in the magnitude and timing of CPAs. Thus, peak 

COPAP displacement was the earliest for the positive glasses condition, followed by 

conditions with negative glasses, while the no vision condition showed peak 
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displacement the latest. The magnitude of the CPA, measured as the peak 

COPAP displacement, was the largest for the no vision condition. This result is in 

agreement with the literature that shows that while standing quietly, COPAP 

displacements are significantly higher when the visual target is positioned at a far 

distance (200 cm), compared to the target located at a near distance (40 cm) (Le and 

Kapoula 2006). 

3.6.3 Relationship between Anticipatory and Compensatory Postural Adjustments 

The existence of a relationship between the anticipatory and the compensatory 

components of postural control has been described in experiments with full vision and 

when visual information about the upcoming body perturbation was not available (Santos 

et al. 2010b; Santos et al. 2010a). However, there are conditions when vision is partially 

obstructed or diminished due to, for example, dim light or health issues. In addition, 

studies have shown that using inappropriate eye glasses, especially in older people, 

creates a significant risk factor for falls (Lord 2006). Therefore, it is important to gain 

knowledge on whether changes in the generation of APAs that are due to modified vision 

translate into changes of the compensatory component of postural control. 

The results of this experiment suggest that modifying vision conditions by using 

differently powered glasses alters the generation of APAs, and as a result, affects CPAs. 

Thus, anticipatory IEMGNORM in RF, GMED, and TA were larger in the positive glasses 

condition when compared to the negative glasses condition. This resulted in small 

IEMGNORM in conditions with positive glasses during the compensatory phase. Such an 

eyeglasses-related alteration in the electrical activity of muscles was accompanied by 

small changes in the magnitude of the COP peak displacement during the CPA periods: 
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COP peaks were larger while wearing negatively powered glasses and smaller while 

wearing positively powered glasses. Thus, it seems as though the existence of APAs in 

conditions with differently powered glasses was a primary reason for the diminishing 

CPAs. Moreover, information about the forthcoming perturbation was available to the 

CNS even in conditions with altered vision (wearing positive and negative glasses). As a 

result, APAs were generated and subsequent CPAs were smaller compared to conditions 

with no vision. This suggests that (1) even with altered vision the CNS could successfully 

utilize feed forward postural control and (2) CPAs are still influenced by APAs even 

when vision is modified with differently powered glasses. Indeed, earlier and larger 

anticipatory activation of certain postural muscles in the condition with positive glasses 

resulted in lesser magnitudes of compensatory corrections as compared to the condition 

with negative glasses. 

3.7 Conclusion 

The study outcome revealed that vision plays an important role in the generation of 

anticipatory and compensatory corrections while maintaining posture. It was also 

demonstrated that changes in visual acuity induced by differently powered glasses affect 

the way anticipatory postural adjustments are utilized, which in turn affects the 

compensatory control of posture. Hence, the role of differently powered glasses in 

postural control should not be underestimated. 
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CHAPTER IV 

CONTROL OF POSTURE: ALTERED VISUAL CUES 

Data presented in this chapter has been published as: Mohapatra S and Aruin AS (2012). 

Static and dynamic visual cues in feed-forward postural control, Exp Brain Res (Oct, 14 

2012, EPub Ahead of Print). 

4.1 Background 

While the contribution of somatosensory and vestibular systems to postural control is 

well documented in the literature, the role of the visual system in control of balance is 

less understood, despite its importance (Wade and Jones 1997).  One of the reasons is the 

way that visual information is obtained and processed is affected by many factors within 

human beings themselves, the environment, and the interaction between the two. For 

example, visual acuity, contrast sensitivity, and depth perception play a significant role in 

how humans themselves can see the object with clarity. Environmental factors such as 

lighting in the room also affect the way the individuals see the surrounding. For example, 

previous literature has shown humans demonstrate diminished ability to control posture 

in conditions with dimmed lights (Owsley and Sloane 1987; Lord and Menz 2000). 

It has also been shown that vision plays an important role in generation of APAs 

(Krishnan and Aruin 2011; Mohapatra et al. 2011).  In particular, APAs associated with 

catching a load were seen when the subjects watched the upcoming object, but they were 

absent when the eyes of the subjects were closed (Lacquaniti and Maioli 1989). Similar 

results were obtained in a series of experiments involving external perturbations induced 

by a pendulum impact (Santos et al. 2010a). Furthermore, when healthy subjects were 

catching a falling load onto a tray attached to their trunk and were able to see the load 
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during the first 10 cm of its trajectory (which was approximately 140 ms after the object 

was unexpectedly released by an experimenter), APAs timed appropriately with respect 

to the moment of load impact were generated (Aruin et al. 2001).  Overall, the outcomes 

of the previous studies suggest that when adequate visual information for an accurate 

prediction of the impact time is available, strong APAs can be generated. At the same 

time, it was shown that diminished visual acuity (induced by differently powered glasses) 

affected the ability of subjects to predict the impending external perturbation and as such 

the generation of APAs (Mohapatra et al. 2011). While the previous studies provided 

important information on the role of vision in the control of posture using anticipatory 

postural adjustments, in most of the cases they did not study the effect of different visual 

cues upon APAs. 

There are two types of visual cues described in the literature: static cues and dynamic 

cues. When an object is visible throughout the whole length of time it is moving (this can 

only be possible when the subject has full vision and can see the object during its whole 

path), the visual information is obtained using dynamic visual cues. The spatiotemporal 

relation between the subject and surrounding environmental objects is thus provided by 

dynamic information from the retina that is mainly generated by the observer’s self 

motion (Sun et al. 2004) as well as the motion of the objects in the environment (Sun and 

Frost 1998). When the individual is able to see the object at specific intervals of time but 

not through the entire length of time, the visual information is obtained via static visual 

cues. For example, static cues are available when in a dark environment a light exposes 

the object for a fraction of a second.  It is important to note that when objects are seen for 

a short period of time, (i.e. when the frequency of light on the object is low) the visual 
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information about the movement of the object is inaccurate. At the same time, when the 

frequency of light on the object increases, the visual information becomes more accurate 

(Bull et al. 2003). 

The issue of relying on visual information becomes even more important when one has to 

maintain vertical posture that might be affected by external perturbations applied to the 

body. In such a case, precise visual information about the approaching object could 

significantly increase the efficacy of postural control. However, the extent to which 

available visual information about the impending perturbation affects the control of 

posture has not been fully investigated. In particular, it is not known how different visual 

cues are utilized in generation of APAs.  Thus, the aim of the current study was to 

investigate the role of static and dynamic visual cues in the generation of the anticipatory 

postural adjustments. We hypothesized that when healthy subjects are provided with 

static visual cues about the forthcoming perturbation, they will demonstrate diminished 

ability to generate anticipatory postural adjustments as compared to conditions where 

they are provided with dynamic visual cues.   

4.2 Subjects 

Ten healthy young subjects (6 females and 4 males, mean age of 26.8±1 years, a mean 

weight of 65.7±4.6 kg and height of 1.67±0.3m) participated in the study. All the study 

participants had 6/6 visual acuity; they had no musculoskeletal, neurological or balance 

disorders. The subjects signed an informed consent approved by the Institution Review 

Board. 
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4.3 Procedure 

The perturbations were induced in conditions with different availability of visual 

cues. The experimental conditions were dynamic visual cues: full vision (FV) and 

high frequency (66.67 Hz) strobe light condition (HFS), static cues:  low frequency 

(5.83 Hz  ) strobe light condition (LFS) , and a control condition: no cues provided at 

all and the subjects’ eyes were open while the room was completely dark (EOD) (Fig 

7).  In all the conditions the time the pendulum moved from the moment of its release 

till perturbing the body was the same. However, the subject was able to see the 

pendulum during its path more frequently in HFS than in LFS.  

 

Fig 7 Schematic shows the various cue conditions. 

 

The strobe light was flashed on the pendulum by a Stroboscope (Model: GenRad1531-

AB STROBOTAC) and was turned on a few seconds before the pendulum release, while 

keeping it on during data collection. A range switch on the Stroboscope controlled the 

strobe light frequency. The lengths of light and dark phases were of equal durations for a 
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particular frequency. Thus the duration for which the flash was either on or off for HFS 

condition was about 8.5 ms whereas for LFS it was about 85 ms. The intensity of the 

flash was about 0.16 million beam candles for LFS and 1 million beam candles for HFS. 

The subjects were always instructed to keep their eyes open and look at the oncoming 

pendulum. In the EOD condition, the room was made completely dark and the 

experimenter ensured that the subject did not see the pendulum while keeping their eyes 

open. In all the conditions the time the pendulum moved from the moment of its release 

till perturbing the body was the same. However, the subject was able to see the pendulum 

during its path more frequently in HFS than in LFS. 

Electrical activity of the following nine muscles on the right side of the body were 

recorded: Tibialis anterior (TA), Semitendinosus (ST), Medial gastronemius (MG), 

Biceps femoris (BF), Rectus femoris (RF), Gluteus medius (GM), External oblique 

(EOb), Rectus abdominis (RA) and Erector spinae (ES). Principal component analysis 

(PCA) was applied to correlation matrices of muscles latencies data of all the subjects. 

The PCs were further subjected to Oblimin with Kaiser Normalization rotation with 

factor extraction.  

4.4 Statistical analysis 

Repeated-measures ANOVAs were performed with two within-subject factors: 

conditions (FV, HFS, LFS, and EOD) and epochs (APA1 and APA2). The dependent 

variables were IEMGNORMs, latency of trunk and leg muscles, magnitude of CoP at the 

moment of perturbation (T 0), and peak magnitude of the CoP.  

Further comparison between conditions, epochs, and their interactions was done by a post 

hoc analysis using appropriate Bonferroni corrections. For all the above measures, 
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statistical significance was set at p < 0.05. SPSS 17 for Windows 7 (SPSS Inc., Chicago, 

USA) was used to conduct the statistical analysis. Data are presented in the text and 

figures as means and standard errors. 

4.5 Results 

4.5.1 Electromyography patterns 

Fig. 8 shows EMG patterns for a representative subject for the Tibialis anterior (TA) and 

Biceps femoris (BF) muscles recorded during all the experimental conditions.  

Anticipatory activation of TA and BF was seen in the full vision (FV) and high frequency 

strobe light (HFS) conditions. At the same time, activation of muscles was delayed in the 

low frequency (LFS) strobe light and eyes open in dark (EOD) conditions. 

4.5.2 Onset of muscular activity 

The muscle onset times calculated for all the subjects are shown in Fig.9. In the dynamic 

cue conditions (FV and HFS) almost all the muscles showed anticipatory activity. The 

earliest activity in the FV condition was seen as an inhibitory response in the ES muscle 

at 9847 ms before perturbation whereas in HFS condition the earliest activity was 

noticed in the RF muscle at 8934 ms before T0. 

In the static cue condition (LFS) the majority of the muscles showed activity only after T0 

with the exceptions of BF and RF, which were inhibited at (921ms) or activated at 

(1520ms) respectively before the perturbation. 

In the condition where no external visual cues were available (EOD) all the muscles 

showed activity only after the perturbation onset with the ES muscle showing the most 

delayed activity at 9813ms after T0. 
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Fig 8. EMG patterns (averaged across 3 trials) for a representative subject for the TA and BF 

muscles of the right side are presented across all the visual cues conditions. Vertical line at T0 

indicates the moment of pendulum impact. EMG is in arbitrary units. Time is in ms. 

 

PCA validity was confirmed by visual inspections of the scree plots. On an average, three 
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principal components (PCs) (Table III) accounted for 79 % of the total variance in the 

muscle activation space in the HFS condition and 77 % of the total variance in the FV 

condition. The first PC in the HFS condition showed high loading values for ES, ST, RF, 

BF and GM. Whereas in FV condition the first PC was significantly loaded by TA, EOb, 

MG and RA muscles. The second PC in HFS condition showed high loading values for 

the muscle onsets of RF, BF, EOb, TA and MG. Whereas in FV condition the second PC 

was loaded mainly by BF, ES and RA. The third PC was loaded significantly higher in 

HFS condition by BF, RA and GM muscles but by ST, RF and GM in FV condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table III. PC analyses for muscle onsets for the FV and HFS conditions are shown. Loading 

factors are presented for the first three PCs. Loadings over 0.5 are shown in bold. 

 

It is important to note that a co-contraction pattern was seen in especially in the second 

and third components. A co-contraction is defined as a pattern with significant loading 

coefficients on the same PC with the same sign (positive or negative) for two muscles 

with opposing actions at a particular joint (ankle, knee or hip) (Krishnan et al. 2012). 

 

Muscles Components (FV) Components (HFS) 

1 2 3 1 2 3 

TA .938 .314 .166 -.071 .774 .009 

EOb .857 -.247 -.168 .282 .793 .162 

MG .605 .035 -.010 -.268 .681 -.347 

BF -.135 .887 -.068 -.583 .547 .457 

ES .341 .807 -.082 .884 .076 .272 

RA .617 -.630 .040 -.246 -.017 .945 

ST .255 -.058 .928 .891 -.109 -.093 

RF -.389 .386 .754 .622 .573 -.398 

GM -.042 -.289 .620 .460 -.067 .772 
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Fig 9. Muscle latencies for the four experimental conditions. Note that for the EOD  and 

LFS conditions the onset of activity for all studied muscles is after the perturbation (T0). 

The onsets of activity of muscles in conditions with FV and HFS are before the 

perturbation impact (T0).  
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4.5.3 Electromyography integrals 

Integrals of EMG for the four experimental conditions are shown in Fig 10. EMG 

integrals were larger in the dynamic cues conditions (FV and HFS) than in the static cues 

(LFS) and no cues (EOD) conditions.  A main effect of conditions (Table IV) was seen in 

GM (F3, 27=8.24, p<0.0001), TA (F3, 27=9.49, p<0.0001) and RF (F3, 27=6.45, p=0.002). 

Further analysis revealed that this effect was primarily due to significant differences 

between the dynamic cues (FV and HFS) and no cue (EOD) conditions. Thus, 

significantly larger EMG integrals in GM (p=0.01 and p=0.04)) and TA (p=0.015 and 

p=0.001)) were observed in the dynamic cue conditions (FV and HFS respectively) when 

compared to the no cue condition (EOD). 

Muscles          Conditions 

 

 

 [ F3,27]                     p  

        Epochs  

 

 

[F1,9]               p 

Conditions * Epochs  

 

 

[F3,27]                       p 

TA 9.487* <0.0001 11.935* 0.007 4.771* 0.009 

MG 2.325 0.097 1.513 0.25 0.303 0,823 

RF 6.454* 0.002 20.019* 0.002 7.805* 0.001 

BF 0.596 0.623 0.54 0.481 4.296* 0.013 

ST 0.417 0.742 2.155 0.176 0.134 0.939 

GM 8.238* <0.0001 17.702* 0.002 6.755* 0.002 

RA 1.684 0.194 12.256* 0.007 5.724* 0.004 

EOb 1.733 0.184 17.786* 0.002 5.576* 0.004 

ES 1.053 0.385 9.034* 0.015 1.089 0.37 

 

Table IV. Repeated measures ANOVA of IEMGNORMS for conditions, epochs and their 

interactions. The results are shown for the four experimental conditions: FV, EOD, LFS, HFS and 

AP1 and APA2 epochs. 
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Fig 10.  Mean normalized EMG integrals of GM, BF, RF and TA during the four visual 

conditions for all subjects. Each column represents the IEMGNORMs for 150 ms of the APA1 and 

APA2 epochs with its standard error bars.  

 

There were notable significant differences in the EMG integrals between the various 

epochs (Table IV). Overall, when epochs were compared, APA2 epoch showed larger 

muscle activity than APA1 epoch. Significantly (p<0.05) larger EMG activity in APA2 

epoch was recorded for EOb, ES, GM , RA , RF  and TA . There were statistically 

significant (p<0.05) interactions between epochs and conditions for TA, RF, BF, GM, 

RA and EOb. 
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4.5.4 Center of Pressure displacements 

Fig. 11 shows changes in the position of the CoP in all experimental conditions. Early 

backward CoP displacements could be seen in FV and HFS conditions. The CoP 

displacement at the moment of perturbation (CoP T0), reflecting anticipatory changes in 

the body position, revealed a significant main effect of cue conditions on APAs (F3, 

27=14.29, p<0.0001).  

The displacement at T0 was the smallest (0.0030.001m) in the no cue condition (EOD), 

being significantly smaller than the CoP displacement observed in the dynamic cue 

conditions, FV (0.0140.002m, p=0.006) and HFS (0.0180.002m, p=0.001). Although 

the anticipatory CoP displacement in the static cue condition (LFS) was smaller 

(0.0080.002m) in comparison to the dynamic cue conditions, the difference was not 

statistically significant.  

The magnitudes of the CoP peak for FV, HFS, LFS and EOD were 0.040.003m, 

0.040.003m, 0.05±0.004m and 0.060.003m respectively. The peak of the CoP change 

recorded after perturbation (that is compensatory) showed a significant main effect of 

various cue conditions (F3, 27=40.04, p<0.0001). 

Further pair-wise comparison revealed that when the subjects were provided with 

dynamic cues (FV and HFS), the CoP peaks were significantly smaller when compared 

with static cues (p=0.014 & p=0.003 respectively) and no cues (EOD) (p<0.0001 for 

both). In addition, the CoP peak for the no cue condition showed significantly larger 

displacement than static cue condition (p=0.011). 
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Fig 11.  (A) CoP traces for a representative subject are presented across all the visual cues 

conditions. Vertical line at T0 indicates the moment of pendulum impact. (B) Mean CoP 

displacement at T0 are shown as mean with standard errors. CoP negative values correspond to 

backward displacements.  * indicates statistical significance at p<0.05 in comparison with EOD 

condition. 

 

  



46 
 

 

4.6 Discussion 

 The results of the experiment reinforce previous findings on the importance of vision in 

control of vertical posture and provide evidence that feed-forward postural control in 

standing is modified due to the presence of different visual cues. In particular, the 

outcome of the study revealed that the availability of the dynamic visual cues was 

associated with considerable anticipatory activation of muscles producing large 

anticipatory CoP displacements. However, when static visual cues were provided, the 

anticipatory activation of muscles and CoP displacements were reduced significantly. 

Finally, when no visual cues were available there was a complete absence of APAs. 

Thus, our hypothesis that the ability to generate anticipatory postural adjustments is 

reduced in conditions with static as compared to dynamic cues was supported.  

4.6.1Role of vision in counteracting external perturbations 

The role of vision in providing the CNS with continuously updated information regarding 

the position and movements of the body’s segments and its relationship with the 

environment while maintaining balance is well documented. Thus, when people stand 

with their eyes closed, the postural sway increases by 20–70% as compared to standing 

with eyes open (Paulus et al. 1984; Magnusson et al. 1990; Lord et al. 1991a). Moreover, 

it was demonstrated that modifying visual information by moving visual fields induces a 

powerful sense of self motion resulting in significant increases in body sway (Wei et al. 

2010). In addition, previous research provides a plethora of evidence about the 

importance of visual information in restoring vertical posture after external perturbation 

is applied to the body (Clement et al. 1985; Bardy et al. 1999; Schmid et al. 2007). 
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At the same time, the literature on the role of vision in generation of APAs is limited. 

This is partially due to the fact that the vast majority of previous APA studies were based 

on utilizing self-initiated movements to induce body perturbations (Aruin and Latash 

1995; Strang and Berg 2007; Klous et al. 2011).  However, visual information is not 

required to generate APAs in response to self-initiated movements of the body segments 

for example, arm movements. Therefore, to a large extent studies involving self-induced 

perturbations cannot provide information on the role of vision in the generation of APAs. 

On the contrary, using a method involving external body perturbations allows the 

assessment of the role of vision in the generation of APAs and sub sequentially, CPAs. 

Thus, it was shown in experiments with a load catch that no APAs are produced when 

vision was not available. However, when visual information about the moment of the 

load release was available, the subjects were able to generate APAs (Aruin et al. 2001). 

Moreover, it was recently shown that when vision was available, strong APAs were 

present which implied that the CNS was aware of the forthcoming body perturbation and 

had already activated the postural muscles for any adverse effects and the generated 

CPAs were smaller in magnitude. However, when visual information about the onset of 

the external perturbation was not known to the subjects (they were standing with eyes 

closed), the CNS failed to generate APAs and thus the CPAs were massive in magnitude 

(Santos et al. 2010b; Santos et al. 2010a). 

The outcome of the current experiment with full vision also demonstrates the importance 

of vision in the generation of APAs in relation to the predicted external perturbation: 

when the subjects were able to see the pendulum they showed strong APAs evidenced by 

large anticipatory activation of muscles and substantial CoP displacements before the 
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onset of the external perturbation. The generation of strong APAs resulted in more 

efficient maintenance of vertical posture confirmed by smaller magnitudes of CoP 

displacement after the perturbation. 

4.6.2 Role of quality of visual information in generation of Anticipatory Postural 

Adjustments  

The current study demonstrated that not only availability of visual information per se 

affects generation of APAs in the case of external body perturbations, but also the quality 

of the available visual information is an important element in maintenance of vertical 

posture.  In particular, the outcome of the study revealed that certain visual cues allow an 

individual to   utilize strong anticipatory postural adjustments needed for efficient control 

of vertical posture.  Thus, when visual cues were dynamic (full vision, FV and high 

frequency strobe light condition, HFS), APAs were generated. Quite the opposite, when 

static cues were provided (low frequency, LFS strobe light condition), APAs were 

significantly diminished.  

The differences in the APA generation could be explained by the alterations in the quality 

of visual information about the pendulum release. Thus, the results of the PC analysis 

support those different visual cues are associated with different loading responses in the 

studied muscles. Different loading responses could explain that the cues were 

qualitatively different. For example in FV the PC1 was significantly loaded for lower leg 

and trunk muscles while in the HFS it was loaded with trunk and thigh muscles (Table 

IV). PCA also demonstrates that there were differences in the co-contraction of muscles 

between the conditions: in FV it was observed in the muscles around the ankle joint 

whereas in HFS it was around the knee joint.    
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Temporal parameters of visual cues are also crucial for generation of APAs. Thus, when 

dynamic visual cues are available continuously either in a well lit environment or when a 

strobe light is set at high frequency, precise information about the moment of the 

pendulum release becomes available which results in the generation of strong APAs. In 

our study, dynamic visual cues were available in the full vision (FV) and high frequency 

(66.67 Hz) strobe light (HFS) conditions allowing the subjects to see the pendulum either 

continuously  (FV) or intermittently  (HFS) during its entire movement until the 

pendulum hit the body. The existence of APAs in FV conditions is supported by the 

outcome of numerous previous experiments (Latash et al. 1995; Benvenuti et al. 1997; 

Toussaint et al. 1998; Yiou et al. 2009), while the current study demonstrated that 

dynamic cues allow the generation of decent APAs. In particular, visual cues available 

during the FV as well as HFS conditions provided sufficient information about the 

moment of the pendulum release thus enabling generation of APAs. 

On the contrary, when the strobe light is set at the frequency less than 9Hz (e.g. 5.83 Hz 

as it was in the current experiment), utilization of such static cues could produce errors in 

detecting movements of objects as described by (Cian et al. 1997). As such, in the LFS 

condition the particular moment of the pendulum release might not be known to the 

subjects thus resulting in diminished ability to predict the consequences of the 

perturbation and generate strong APAs.  

It is known that the CNS generates APAs by releasing a program that is time-locked to 

the expected body perturbation; such an ability to generate APAs is learned during 

childhood (Schmitz et al. 1999; Hadders-Algra 2005) and is used by healthy individuals 

throughout their life. In the current study the subjects knew the moment of the 
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perturbation in HFS, which makes it possible for them to estimate the time –to-contact 

with his/her body.  As such, it is not surprising that obtaining precise information about 

the pendulum release resulted in healthy young subjects being able to generate strong 

APAs: In addition previous experiments suggest that when the subjects could see the 

object during the first 10 cm of its trajectory (which was approximately 140 ms after the 

object was unexpectedly released by an experimenter), APAs timed appropriately with 

respect to the moment of load impact were generated (Aruin et al. 2001). Furthermore, 

kinematics of the falling object is taken into account by the CNS to estimate the time 

before contact with that object (Zago et al. 2004). Thus, the ability to see the pendulum 

path helps in obtaining information needed for generating APAs. 

When visual cues about the moment of the pendulum release are provided by LFS, the 

time the subjects were able to see the moving pendulum after it was released was about 

85 ms. It appears that this was not enough time to obtain precise information about the 

pendulum release and to trigger APAs. This conclusion is in line with the  literature 

describing that the “time pressure” conditions (induced by the instructions to perform arm 

lifts under a simple reaction-time instruction) were associated with the inability of the 

subjects to generate the regular pattern of APAs (De Wolf et al. 1998).  

There are some study limitations, which should be taken into consideration. First, we 

performed experiments in a dark room. While walking in a poorly lit room is a common 

task for many activities of daily living, dealing with external perturbations in a 

completely dark room is not very common. As such, while the study outcome provides an 

insight into the use of visual information in the control of vertical posture, additional 

studies performed in a room with some light are needed. Second, while we were able to 
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investigate the role of static and dynamic cues in control of posture, only two frequencies 

of the stroboscope light were used suggesting a need to further investigate the effect of 

visual cues at different frequencies. Thus, a separate study to understand how different 

frequencies of static (<9Hz) and dynamic (>9Hz) cues affect APAs can be investigated in 

the future. Moreover, the Stroboscope needs to be synchronized with the moment of the 

release of the pendulum so that the light and dark phases of the flashes are better 

controlled. Third, since the stroboscope induced continuous change in the lighting 

conditions, it is not known how APAs are generated when only a single light of certain 

duration is provided. 

4.7 Conclusion 

In our experiment we altered visual cues to investigate their role in control of vertical 

posture in humans. The outcome of the study revealed that when dynamic cues are 

available it is easier for the CNS to predict the upcoming perturbation and generate APAs 

than when static cues are available. This conclusion is supported by the corresponding 

changes in the EMG activity and CoP displacements.  The outcome of the study will help 

understand how different visual cues can enhance generation of APAs and thus enhance 

control of vertical posture. 
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CHAPTER V 

CONTROL OF POSTURE: ACHILLES TENDON VIBRATION 

Data presented in this chapter have been published as: Mohapatra S, Krishnan V, Aruin 

AS (2012). Postural control in response to an external perturbation: effect of altered 

proprioceptive information. Exp Brain Res 217: 197-208. 

 

5.1 Background 

A number of techniques are used to alter proprioception while studying control of 

posture. Among them are a local anesthesia (Kjaergard et al. 1984), cuff compression 

(Mauritz and Dietz 1980; Demura et al. 2008) or lower legs cooling (Fujiwara et al. 2003; 

Stal et al. 2003). Another relatively easy-to-implement way of altering proprioception 

involves vibrating the muscle tendons (Roll et al. 1993; Gurfinkel and Kireeva 1995; 

Gurfinkel et al. 1996). For example, the effect of a vibratory stimulus has been studied by 

vibrating the neck (Courtine et al. 2003), trunk (Schmid et al. 2005), or ankle tendons 

(Thompson et al. 2007). It had been demonstrated that vibration applied to the ankle 

muscles produces body tilts in stance without any effect on gait (Ivanenko et al. 2000; 

Courtine et al. 2001; Verschueren et al. 2002). Such a vibration, if applied at the proper 

frequency and amplitude, activates mainly the muscle spindles connected to the primary 

Ia afferents. The CNS interprets this vibration as a stretching of that muscle (Burke et al. 

1976; Roll and Vedel 1982; Roll et al. 1989). This results in an interpretation of 

proprioceptive information which does not match with the actual body position. 

Consequently, the body starts tilting in the direction of the vibrated muscles (Hayashi et 

al. 1981) which is accompanied by the increased body sway (Eklund 1973; Gurfinkel and 
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Kireeva 1995). Such a vibration has been shown to change spatial body orientation very 

fast (Roll et al. 1989; Ceyte et al. 2007; Thompson et al. 2007) resulting in a postural 

response known as a ‘vibration-induced falling’ (Eklund 1973; Hayashi et al. 1981). 

It was shown that if the effect of vibration-induced changes in proprioception is 

combined with erroneous signals from visual and/or vestibular systems, the control of 

vertical posture becomes yet more complex. Thus, it was reported that bilateral Achilles 

tendon vibration applied in the absence of vision resulted in the backward lean of the 

body with trunk extension, posterior pelvic tilt and flexion of hips and knees (Thompson 

et al. 2007). When vibration was applied to the Soleus muscles simultaneously with a 

moving visual scene which compromised visual information, the angles of “body –tilt” 

that were induced by the vibration were modulated by the motion of the visual scene 

(Adamcova and Hlavacka 2007). In contrast to this, it has been shown that body 

instability diminishes the effect of vibration applied to the Achilles tendon (Ivanenko et 

al. 1999) or tensor fascia latae muscles (Gurfinkel et al. 1996). Based on the outcome of 

these studies it was suggested that when tendon vibration is combined with body 

instability, the vibration-induced artificial afferent flow is blocked (Ivanenko et al. 1999). 

At the same time, it was demonstrated that increased body stability, produced by a back 

support combined with the vibration-induced changes in proprioception, did not affect the 

body tilt induced by the Achilles tendon vibration (Talis and Solopova 2000). 

Information on the role of altered proprioception or proprioceptive stimulation on 

anticipatory and compensatory components of postural control is limited. Nevertheless, it 

was reported that vibration of Achilles tendons induced an increase in APAs in rectus 

femoris, biceps femoris and erector spinae muscles prior to the fast arm movements and 
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load release (Slijper and Latash 2004). It was also demonstrated that the latency of the 

anticipatory activation of biceps femoris in the experiments with the fast arm flexion 

movement is modulated depending upon the application of the vibratory stimuli. When 

vibration was applied to Tibialis anterior, early activation of Biceps femoris was elicited 

30 ms earlier than when applied to the Soleus muscle (Kasai et al. 2002). The outcome of 

our recent experiments with altered vision (wearing glasses with negative lenses) 

revealed that activation of the trunk and leg muscles observed prior to the body 

perturbation induced by a swinging pendulum is delayed and reduced as the pendulum 

was perceived positioned further away. However, it is still unknown if the backward 

body lean induced by vibration of Achilles tendons (that might lead to the pendulum 

being perceived as positioned further away) would associated with similar delayed and 

reduced APAs. 

Studies of the effect of altered proprioceptive information on compensatory postural 

control revealed that bilateral Achilles tendon vibration affects body kinematics and 

COM and COP displacements (Thompson et al. 2011). At the same time it has been 

shown that the patterns of adaptation to the rotational movements of the support surface 

were not affected by the application of bilateral Achilles tendon vibration (Hatzitaki et al. 

2004). 

Sensory deficit is a well-known consequence of many neurological disorders. While 

sensory deficit is commonly seen in the entire limb, still there are cases of patchy and 

localized loss of proprioception (Lephart et al. 1997; Ducic et al. 2004; Harati Y 2008; 

Eun et al. 2011). As such investigating the effect of altered proprioceptive information in 

control of posture has the potential to help enhance balance rehabilitation. Moreover, 
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little is known about how changes in proprioceptive information affect the generation of 

anticipatory and compensatory corrections used to maintain balance before and after an 

external perturbation. In addition, it is virtually unknown how changes in proprioceptive 

information combined with changes in visual information modify the relationship 

between anticipatory and compensatory components of postural control. These deficits in 

the research limit the development of rehabilitation approaches that are centered on APA-

based interventions that seek to restore balance abilities in individuals with altered 

proprioception. 

In this study we aimed to investigate how changes in proprioception, induced by a 

vibration applied to Achilles tendons in condition with and without vision influence the 

APAs and CPAs. We hypothesized that: 1) APA patterns will be different between 

conditions with intact and altered proprioception. In particular, due to the backward body 

tilt and increased sway we expect to see delays in the anticipatory activation of muscles. 

2) In conditions with altered proprioception, CPA patterns will differ when compared to 

conditions with intact proprioception irrespective of the availability of vision. 

 

5.2 Subjects 

Nine healthy subjects (3 males and 6 females) without any known neurological, 

musculoskeletal or balance disorders participated in the experiment. The mean age of the 

subjects was 25 ± 0.9 years; mean body mass 64.2 ± 4 kg; and mean height 1.67 ± 0.03 

m. They all signed a written informed consent approved by the Institutional Review 

Board. 
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5.3 Procedure 

The subjects were instructed to maintain their balance after the perturbation. The four 

experimental conditions were: (1) eyes open (EO), (2) eyes open with tendon vibration 

(VEO), (3) eyes closed (EC), and (4) eyes closed with tendon vibration (VEC) (Fig 12).  

 

Fig.12. A schematic showing the various experimental conditions. 

 

In eyes closed conditions the subjects were wearing an eye mask. A chalk was used to 

mark the subject’s foot position on the top of the force platform at the start of the 

experiment. The experimenter throughout the experimental conditions checked this foot 

position. The subjects stood with their arms at their sides, and the pendulum impact was 

on their shoulders while proprioception and visual conditions were manipulated. Two 

custom-built miniature tendon vibrators were securely strapped bilaterally to the Achilles 

tendons of the subject. The vibrator produced a vibration at the frequency of 90 Hz with 1 

mm amplitude. The vibrators were switched on one minute prior and were kept on 

throughout the five trials in each of the two conditions involving tendon vibration. The 

results of a pilot experiment involving two subjects demonstrated that vibration induces a 

small backward body tilt however; both the subjects were able to keep their balance 
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throughout the experimental condition that lasted for about 30 s. After the recording, the 

subjects were required to open their eyes and vibrators were turned off for at least one 

minute. During this time the subjects performed dynamic movements of ankle (for 

example, walking in place.) to minimize the effect of vibration (Thompson et al. 2007). 

Electrical activity of muscles (EMGs) were recorded unilaterally (right side) from the 

following muscles: tibialis anterior (TA), Soleus (SOL), biceps femoris (BF), rectus 

femoris (RF), gluteus medius (GMed), rectus abdominis (RA), external oblique (EOb) 

and erector spinae (ES).  

 

5.4 Statistical Analysis 

Multiple repeated measures ANOVAs were performed with two within subject factors: 

visual conditions (EO, VEO, EC and VEC) and epochs (APA1, APA2, CPA1 and 

CPA2). The dependent variables were IEMGNORMs, latency of trunk and leg muscles, 

peak magnitude of the COP, time of the COP peak magnitude, and magnitude of COP at 

the moment of perturbation (T0). A post hoc analysis with Bonferroni correction was 

further done to compare between conditions, epochs and their interactions. For all tests, 

statistical significance was set at p < 0.05. Statistical analysis was performed in SPSS 17 

for Windows 7 (SPSS Inc., Chicago, USA). 

5.5 Results 

5.5.1 Electromyography Profiles 

Fig. 13 shows EMG traces obtained from the anterior (RF) and the posterior (BF) 

muscles of a representative subject performing the experimental task under four different 
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conditions. Anticipatory activity, seen as bursts in the background EMG activity, was 

present in the two conditions with eyes open. Quite to the contrary, anticipatory activity 

was negligible in the no vision conditions. Moreover, in conditions with tendon vibration 

the activation of RF and BF were delayed in the eyes open conditions. EMG activity after 

the perturbation was larger in EC condition as compared to EO condition where 

anticipatory activity was present. In addition, peaks of EMG activity during the 

compensatory period were smaller in conditions with tendon vibration (VEO and VEC). 

 

Fig 13. EMG patterns (averaged across 5 trials) for a representative subject for the rectus femoris 

(RF) and biceps femoris (BF) muscles are presented across all the experimental conditions. 

Vertical line at T0 indicates the moment of pendulum impact. 
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5.5.2 Integrals of Electromyography activity 

The anticipatory and compensatory IEMGNORM of the trunk and leg muscles averaged 

across subjects are shown in Fig 14. In general, the anticipatory integrals of EMG (APA1 

and APA2) are seen in all anterior muscles, (RA, RF, and TA) in the conditions where 

vision was available. In VEO condition, the anticipatory integrals of EMG across all 

anterior muscles stayed relatively the same as in the EO condition whereas the 

compensatory integrals of EMG were reduced in the VEO as compared to EO condition. 

Anticipatory integrals of EMG for these muscles were absent or negligible in conditions 

when eyes were closed (EC and VEC). As a result, compensatory IEMGNORM in the two 

blindfolded conditions were larger compared to eyes open conditions. When tendon 

vibration was applied in the conditions with eyes closed, compensatory IEMGNORM were 

smaller compared to the eyes closed condition with no tendon vibration. Overall, the 

largest IEMGNORM for all anterior muscles during the CPA1 were seen in the EC, 

followed by VEC, EO and VEO conditions. Table V shows the repeated measures 

ANOVA results for conditions, epochs and their interaction. The statistical analysis 

revealed a significant effect of the conditions, epochs and their interactions. Pair wise 

comparisons of conditions showed that RA IEMGNORM calculated for the EC-EO and 

VEO-VEC conditions were significantly different (p<0.05). Moreover, TA 

IEMGNORM for the, EO-EC, EO-VEC, EC-VEO and VEO-VEC pairs were statistically 

significant (p<0.05). Pair wise comparisons of epochs showed that APA1-CPA1, APA1-

CPA2, APA2-CPA1 and CPA1-CPA2 pairs to be significantly different (p<0.05) in all 

the anterior muscles. The interactions revealed that IEMGNORM were smaller with 
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application of vibration in both the CPA1 and CPA2 epochs for both EO and EC 

conditions. 

Fig 14. Mean EMG integrals during the four experimental conditions across subjects. Each 

column represents the IntEMGi for 150 ms epochs (APA1, APA2, CPA1 and CPA2) with its 

standard error bars. 
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Muscles          Conditions 

 

 

 [ F3,24]                     p  

        Epochs  

 

 

[F3,24]               p 

Conditions * Epochs  

 

 

[F9,72]                       p 

TA 16.83 <0.0001 203.33 <0.0001 41.55 <0.0001 

SOL 17.13 <0.0001 16.05 <0.0001 6.99 <0.0001 

RF 3.60 0.03 141.48 <0.0001 23.74 <0.0001 

BF 3.04 0.04 76.27 <0.0001 33.61 <0.0001 

GMed 16.34 <0.0001 184.72 <0.0001 28.93 <0.0001 

EOb 18.89 <0.0001 257.41 <0.0001 27.60 <0.0001 

RA 8.43 0.001 72.17 <0.0001 13.07 <0.0001 

ES 17.03 <0.0001 78.55 <0.0001 22.69 <0.0001 

 

Table V. Repeated measures ANOVA of IEMGNORM for conditions, epochs and their 

interactions. The results are shown for the four experimental conditions: EO, EC, VEO, 

VEC and four epochs: APA1, APA2, CPA1 and CPA2. 

 

The anticipatory activity (APA1 and APA2) represented by integrals of EMG is also seen 

in all posterior muscles (ES, BF, and SOL) in conditions with vision available. In the 

VEO condition, the compensatory integrals of EMG were reduced when compared to EO 

condition for all posterior muscles except ES. Anticipatory integrals of EMG for these 

muscles were absent or negligible in conditions when eyes were closed (EC, VEC). As a 

result, compensatory IEMGNORM in the two blindfolded conditions were larger compared 

to eyes open conditions. However, in conditions with the tendon vibration (VEC) the 

compensatory IEMGNORM in all posterior muscles with the exception of SOL were 

smaller compared to EC condition. The repeated measures ANOVA results revealed a 
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significant effect of the conditions, epochs and their interactions (Table V). Pairwise 

comparisons of conditions discovered that ES IEMGNORM were statistically significant for 

the following conditions: EO-EC, EO-VEC, EC-VEO and VEO-VEC (p<0.05). 

Moreover, the SOL IEMGNORM were statistically significant between the EO-VEO, EC-

VEO, and VEO-VEC conditions (p<0.05). Pairwise comparisons of epochs showed 

APA1-CPA1 and APA2-CPA1 pairs to be significantly different (p<0.05) in all the 

posterior muscles. IEMGNORM were smaller with application of vibration in both the 

CPA1 and CPA2 epochs for both EO and EC conditions which is supported by 

significant interactions. 

The anticipatory integrals of EMG (APA1 and APA2) are seen in both the lateral muscles 

(GMed and EOb) in conditions with vision available. On the contrary, anticipatory 

integrals of EMG for these muscles were absent or negligible in conditions when eyes 

were closed. When tendon vibration was present in VEO condition, the anticipatory 

integrals of EMG stayed relatively the same as in the EO condition whereas the 

compensatory integrals of EMG were reduced in the VEO condition in both the lateral 

muscles. Similar pattern was also seen in these muscles when VEC and EC conditions 

were compared. Overall, the largest IEMGNORM during CPA1 was seen in the EC, 

followed by VEC, EO and VEO conditions for both the lateral muscles. Table V shows 

the repeated measures ANOVA results for conditions, epochs and their interaction. The 

statistical analysis revealed that there was a significant effect of the conditions, epochs 

and their interactions. Pairwise comparisons of conditions discovered that GMed 

IEMGNORM during EO-EC, EO-VEC and EC-VEO conditions were significantly different 

(p<0.05). Moreover, EOb IEMGNORM during EO-EC, EO-VEC, EC-VEO and VEO-VEC 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325787/table/T1/
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conditions pairs were statistically significant (p<0.05). Pairwise comparisons of epochs 

showed all the pairs to be significantly different (p<0.05) from each other for both the 

muscles. The interactions revealed that IEMGNORM were smaller with application of 

vibration in both the CPA1 and CPA2 epochs for both EO and EC conditions. 

5.5.3 Onset of Electromyography activity 

The onset of EMG activity of all studied muscles for each of the four experimental 

conditions is presented in Fig 15. In the EO condition all the muscles showed anticipatory 

activation, with SOL and ES showing inhibition before the perturbation. When tendon 

vibration was induced in the VEO condition, the onset of all leg and trunk muscles was 

significantly delayed (p<0.0001). It is interesting to note that when tendon vibration was 

applied in conditions with full vision, the onset of the lateral (GMed and EOb) and trunk 

(RA and ES) muscle activity was further delayed so the muscles became active only after 

the perturbation. Thus, in the EO condition TA became active first at −140 ± 12 ms 

followed by BF (−85 ± 8 ms), GMed (−61 ± 6 ms) and RA (−47 ± 7 ms) before the 

perturbation. In VEO condition TA was active at −33 ± 13 ms followed by BF (−8 ± 11 

ms) before the perturbation whereas, GMed and RA were active +17 ± 8 ms and +12 ± 8 

ms respectively after perturbation. 

In both the EC and VEC conditions the onset of muscle activity for all muscles was seen 

only after perturbation. ANOVA revealed no difference between the onset of muscle 

activation involving the EC and VEC conditions. 
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Fig 15. Muscle latencies with standard error bars are represented for the four experimental 

conditions. Note the delay of muscle activation in VEO. 
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5.5.4 Changes in the Center of Pressure displacement 

The perturbation-related CoP displacements were all in the backward direction 

irrespective of the condition. The anticipatory displacement of CoP at the moment of 

perturbation (T0) was the smallest for the EC followed by VEC, EO and was the largest 

for the VEO condition (Fig. 16). Statistically significant differences (p<0.01) were found 

for the anticipatory CoP displacement (at T0) between EO-EC, EO-VEC, EC-VEO and 

VEO-VEC conditions. 

 

 

Fig 16. The magnitude of COP displacement at T0, the time of the COP peak and the magnitude 

of peak COP displacement are shown as mean with standard errors. COP positive values 

correspond to displacements in the direction opposite to the perturbation. * Indicates statistical 

significance at p<0.05 

 

The time to the peak COP (Fig. 16) was reduced in conditions with vibration (VEO and 

VEC). The COP peak was seen earliest in VEO followed by EO and VEC whereas it was 

most delayed in the EC condition. This difference in time however was not statistically 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325787/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325787/figure/F5/
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significant. The magnitude of the COP displacement after perturbation (Fig. 16) was the 

highest for the EC followed by VEC, EO and it was the smallest for the VEO condition. 

Statistically significant differences were found between EO-EC, EO-VEC, EC-VEO and 

VEO-VEC conditions (p<0.05). 

5.6 Discussion 

This study was designed to investigate how the changes in proprioception, induced by 

vibratory stimuli to the Achilles tendon, influence APAs and CPAs in terms of muscular 

activity and COP displacements. The outcome of the experiments supports the first 

hypothesis that the alteration of the lower leg proprioception in the presence of vision 

resulted in significant delays of anticipatory activation of muscles (APA). The results of 

the experiments also support the second hypothesis because they demonstrated that 

irrespective of the availability of vision, altered proprioception was associated with a 

reduction of compensatory (CPA) activity of muscles and lesser COP displacements after 

the perturbation. Moreover, vibration-related changes in CPAs were larger when vision 

was not available. 

5.6.1 The effect of altered proprioception 

The important role of proprioceptive information in control of posture is well 

documented. For example, it is reported that in a well-lit environment with a firm base of 

support, healthy individuals rely on a combination of somatosensory (70%), vision (10%) 

and vestibular (20%) information in order to maintain their upright posture (Peterka 

2002). Furthermore, intact muscles around the ankle joint have traditionally been 

considered the source of muscle proprioceptive information, responsible for signaling 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325787/figure/F5/
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changes in body position (Nakagawa et al. 1993; Barbieri et al. 2008). Thus, changes in 

the accuracy of proprioceptive information could affect the ability of an individual to 

control his posture (Barbieri et al. 2008). 

The role of altered proprioceptive information in control of perturbed posture is of a 

special interest because many individuals with neurological conditions have diminished 

proprioceptive information and are frequently exposed to external perturbations. For 

example, it was shown that diminished proprioceptive information in individuals with 

diabetic neuropathy leads to greater body sway around equilibrium point than in healthy 

adults (Nardone and Schieppati 2004). It has been established by epidemiological studies 

that a reduction of leg proprioception sense is a risk factor for falls in the elderly and 

patients with peripheral neuropathy (Richardson et al. 1992; Lord et al. 1996). 

Alterations in the proprioceptive information in the current study were induced by 

bilateral vibration of the Achilles tendons which produced body tilt in the direction of the 

vibrated tendon which is in line with the literature (Polonyova and Hlavacka 2001; Ceyte 

et al. 2007). Such a vibration resulted in delayed anticipatory activity of the leg and trunk 

muscles in VEO as compared to EO (no vibration condition). There are several possible 

explanations for this observation. First, given the fact that somatosensory information is a 

driving force in balance control (Peterka 2002) and that vibration of muscles or their 

tendons induces powerful discharge of muscle spindle primary afferents (Bove et al. 

2003), it is not surprising that alterations in the proprioceptive input clearly affected 

muscle activation patterns and COP displacements even in the presence of vision. This 

outcome is in line with previous literature (Kasai et al. 2002; Slijper and Latash 2004). 

Second, a delay in the activation of the leg and trunk muscles could be explained by 
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changes in the position of the body with application of vibration. Indeed, like what is 

described in previous literature (Ceyte et al. 2007; Thompson et al. 2007), application of 

vibratory stimuli to the Achilles tendon induces tilt of the body backwards. The subjects 

in the current study also exhibited a leaning backward, moving away from the pendulum. 

As such, the time from the pendulum release (which was known by the subjects since 

their vision was not obstructed) until the pendulum hits the body, should increase. We 

speculate that based on the expectation of a delayed perturbation impact, the CNS 

selected a strategy of delayed APAs. Given the fact that the subjects were healthy adults, 

capable of fast changes in the strategy if needed, it may suggest that delays in APAs were 

a way the CNS dealt with erroneous signals from ankle proprioceptors. It is important to 

note that vibration-induced alteration in the proprioceptive information induces body tilt 

and increased body sway (Eklund 1973; Gurfinkel and Kireeva 1995), however it is 

difficult to distinguish between the body lean and increased body sway without assessing 

the body kinematics. Another explanation could be that altered proprioceptive 

information did not allow the regular pattern of APAs to be triggered in a timely manner 

resulting in the delays of muscle activation. The possibility of the delays in triggering of 

APAs has been previously described in studies with simple reaction time instructions (De 

Wolf et al. 1998). Differences in the baseline activity of the postural muscles between 

conditions with no vibration and with vibration (that is associated with body tilt) could be 

another reason for the observed dissimilarity in the anticipatory EMG activity. We 

believe this was not the case since the baseline activity from −600 ms to −450 ms for 

both with and without vibration conditions was subtracted from the EMG signal prior to 

its integration. As such, the reported changes in the EMG patterns represent changes in 
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the anticipatory activation of muscles associated with the altered proprioceptive 

information and not the body tilt. 

Tendon vibration in the current study resulted in decreased compensatory EMG activity 

in all the trunk and leg muscles which resulted in smaller compensatory COP 

displacements. Such a decrease in compensatory IEMGNORM could be explained by the 

increase of the anticipatory IEMGNORM as was shown previously (Santos et al. 2010a; 

Mohapatra et al. 2011). However, no difference in the anticipatory IEMGNORM was 

observed between EO and VEO conditions in the current study. This suggests that the 

decrease in compensatory EMG activity is due to the effect of tendon vibration rather 

than the effect of APAs on CPAs. 

5.6.2 The effect of vision 

The significance of visual information in postural control is well recognized. It has been 

documented that body sway around equilibrium point is increased with decrease in visual 

acuity; and sway is maximal in blindfolded conditions (Uchiyama and Demura 2008). It 

has also been demonstrated that peripheral rather than central vision contributes to 

maintaining a stable standing posture, with postural sway being influenced more in the 

direction of stimulus observation, or head/gaze direction, than in the direction of trunk 

orientation (Berencsi et al. 2005). 

The results of the current study indicate that when vision is not available, APAs are not 

generated. A lack of robust anticipatory postural adjustments in blindfolded conditions 

relates to massive compensatory postural adjustments seen in increased EMG activity and 

COP displacements after the perturbation, indicating a decreased postural stability. These 
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results are in line both with the previously reported fact that when a perturbation is 

unpredictable, APAs are diminished leading to huge CPAs (Santos et al. 2010b; Santos et 

al. 2010a) as well as with the outcome of our recent study which revealed that altering 

visual acuity using differently powered glasses results in diminished APAs and increased 

CPAs (Mohapatra et al. 2011). 

5.6.3 Combined effect of altered proprioceptive and visual information 

When proprioceptive information was altered simultaneously with the altering of visual 

information (VEC), IEMGNORM calculated during both CPA1 and CPA2 epochs were 

smaller in the majority of the studied muscles when compared to blindfolded conditions 

with no altered proprioception (EC). Such a decrease in the activation of muscles resulted 

in smaller compensatory COP displacements after the perturbation. 

These results are consistent with the conclusion of previous studies that focused on the 

individual as well as the combined effect of the alteration of two sources of information 

in control of posture. When one system is challenged in two different ways 

(proprioception altered by Achilles tendon vibration and by reduced postural stability), 

the effect of Achilles tendon vibration diminishes (Gurfinkel et al. 1996; Ivanenko et al. 

1999). Moreover, when information from somatosensory and vestibular systems was 

altered separately, postural movement strategies were appropriately selected for their 

environmental contexts (Horak et al. 1990). Furthermore, when proprioceptive 

information was altered in vestibular-loss individuals there were delays in the activation 

of the paraspinalis muscles and decrease in the magnitude of quadriceps muscle activity 

(Allum and Honegger 1998). 
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In our study information from two sensory systems, vision and proprioception, was 

altered before applying external perturbations to the upper body of the subjects. The 

findings revealed that in conditions with altered proprioception and a lack of vision there 

were smaller activation of muscles and smaller COP displacements during the CPA 

epochs. There are two possible explanations to such a reduction in activity of muscles 

and COP displacement during the CPA. First is based on the outcome of previous studies 

that show that generation of optimal APAs could significantly minimize CPAs (muscle 

activation after a perturbation) (Santos et al. 2010b; Santos et al. 2010a). However, no 

substantial change in APAs was observed in no vision conditions with tendon vibration 

suggesting that variation in the magnitude of APAs between the no vibration and 

vibration conditions could not explain the decreased EMG activity during the CPA 

epochs. The second explanation relates to the effect of a backward lean of the body as a 

result of the application of Achilles tendon vibration. In the VEC condition, the backward 

displacement of the COP measured at 500 ms before T0 was about 20% of the backward 

shift of the COP at T0. As such, smaller EMG activity and COP displacements observed 

during the restoration of posture after the perturbation onset could be a result of the 

tendon vibration-related backward body lean. 

There are study limitations that should be considered. First, the Achilles tendon vibration 

induces backward body lean as well as body sway and instability. As such the delayed 

and decreased APAs observed in the current study during the Achilles tendon vibration 

reveal the combined effect of the lean of the body and the increased body instability. 

Future studies are needed to estimate the contribution of each element in the postural 

control. Second, when a tendon vibrator is used tonic vibratory reflex may complicate the 
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way we have interpreted our findings, as such a reflex may lead to a sustained muscle 

contraction. Third, since the study was conducted on healthy young subjects with altered 

proprioception induced by vibratory stimulation, its outcome could not be directly 

applied to individuals with impaired proprioception. As such additional studies involving 

individuals with deficient proprioception are needed. 

5.7 Conclusion 

Altered proprioceptive information from the ankle joints resulted in delayed generation of 

anticipatory postural adjustments prior to the external perturbation and the diminished 

compensatory postural adjustments. The outcome of the study sheds light on the interplay 

between APAs and CPAs in healthy individuals in the presence of altered proprioception. 
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CHAPTER VI 

 

CONTROL OF POSTURE: DIFFERENT SUPPORTING SURFACES 

 

 

 

6.1 Background 

 

The somatosensory system comprises of a variety of sensors including plantar cutaneous 

mechanoreceptors and joint and muscle receptors (Kandel et al. 1991). It is believed that 

important afferent information that is necessary to maintain   posture comes from the two 

types of specialized mechanoreceptors located on the sole of the feet (Magnusson et al. 

1990).  Slowly adapting mechanoreceptors provide spatial information about the pressure 

distribution between the feet and the ground whereas rapidly adapting mechanoreceptors 

provide information about the amplitude and changes in the pressure distribution 

(Kavounoudias et al. 1999). Also, it is important to note that such mechanoreceptors not 

only supply information about surface contact pressures (Vallbo and Johansson 1984) but 

also help sensing small but continuous changes of posture. 

Individuals with diabetic neuropathy, elderly individuals with peripheral neuropathy, or 

traumatic injury which may involve one of the nerves of the lower extremity, commonly 

have diminished ability to utilize somatosensory information (Greene DA 1990; van 

Deursen and Simoneau 1999).  A number of clinical tests of balance evaluating how 

patients utilize the somatosensory information are performed when patients or elderly 

stand on a force platform (Duncan et al. 1990; Maki et al. 1994). However, using a firm 

force platform might not be sensitive enough to test individuals with balance disorders 

(Johansson and Magnusson 1991). Thus, balance assessment techniques frequently 

include standing on foam, a more compliant supporting surface positioned on the top of 
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the force platform (Allum et al. 2002; NeuroCom 2010) or keeping the surface similar in 

texture but altering its stability by using a wobbling board (Burton 1986). 

Standing on a compliant surface such as foam induces body instability in both sagittal 

and frontal planes and also alters inputs to both joint receptors and cutaneous 

mechanoreceptors in the sole. Thus, while standing on the foam inputs from the plantar 

cutaneous mechanoreceptors are altered however the stimulation of stretched muscle is 

not affected (Chiang and Wu 1997). Moreover whereas the short latency reflexes are not 

affected by changes in plantar pressure, both medium and long latency reflexes are 

delayed when the subjects stands on foam (Wu and Chiang 1997). It has been also shown 

that foam surface density and compressibility to a known force are significantly related to 

stability (Patel et al. 2008a; Patel et al. 2008b). Thus, past studies have shown that 

standing on foam results in a significant challenge to postural control resulting in the 

increased body sway in both, antero-posterior and lateral directions in the both low (<0.1 

Hz) and high frequency (>0.1 Hz) ranges (Patel et al. 2011).  Standing on foam is 

considered to be a more complex balance task than pitch controlled ankle-sway 

referencing (Allum et al. 2002). The destabilizing effects of standing on foam have been 

investigated in several other studies as well (Blackburn et al. 2003; Jeka et al. 2004; 

Vrancken et al. 2005).  

In contrast, wobble board induces body instability in one plane which is orthogonal to the 

axis of its rotation. Furthermore, since the texture of surface in contact with the sole is 

firm, somatosensory inputs from the foot  (Roll et al. 2002) are different compared to 

those obtained while standing on foam that is soft. It is known that standing on a wobble 

board simulates activity of lower limb musculatures as well as lumbar erector spinae 
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(Burton 1986). Activity in these muscles primarily depends on the dimensions (a specific 

diameter and a specific height) of the wobble board. While standing on wobble board 

equilibrium is maintained by changes in the ankle joint angle (ankle joint strategy) 

wherein the center of gravity (CG) is not moving. To maintain equilibrium, an individual 

shifts the point of contact of the wobble board with the floor by tilting the board back and 

forth so the CG position is always inside the base of support (BOS). This task however, 

could not be performed by some patients especially those with cognitive deficit as it was 

shown that difficulty in maintaining balance on wobble board increases with addition of 

cognitive tasks (Dault et al. 2001). 

Both foam and wobble board distort the normal proprioceptive inputs from the lower 

extremity. Hence, maintaining posture on such surfaces can be challenging and needs a 

crucial role of CNS for a fast action to restore the imbalance. It is known that 

maintenance of vertical posture is regulated by two different strategies utilized by the 

CNS:  (1) feed forward control, which is the anticipatory postural adjustments (APA) 

prior to the expected body perturbations (Belen'kii et al. 1967; Massion 1992) feedback 

control, which is the compensatory postural adjustments (CPA) that are initiated by the 

sensory feedback signals after the perturbations (Horak et al. 1996; Park et al. 2004; 

Alexandrov et al. 2005). Whereas, APAs serve to minimize the displacement of the 

body’s COM prior to a perturbation (Bouisset and Zattara 1987; Aruin and Latash 1995), 

CPAs serve as a mechanism for restoration of the position of COM after a perturbation 

has already occurred (Macpherson et al. 1989; Maki et al. 1996). 

The way both the components of postural control are used could be affected by changes 

in the stability of the supporting surface and associated changes in the available 
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somatosensory information. Thus, it was reported that subjects standing on unstable 

surfaces increase their postural sway (Ivanenko et al. 1997), enhance reflex excitability 

thus increasing the role of stretch reflex (Dietz et al. 1980), and change the strategy for 

maintaining upright posture while adapting to the new environmental conditions (Horak 

and Nashner 1986). In experiments involving fast arm movements while standing on a 

wobble board APAs were still present but they were earlier and smaller in magnitude 

especially for BF muscle as compared to standing on a stationary surface (Gantchev and 

Dimitrova 1996). Furthermore, APAs associated with voluntary movements were 

attenuated when body posture was unstable due to unilateral stance (Nouillot et al. 1992) 

as well as when it was very stable (Nardone and Schieppati 1988). APAs (e.g. EMGs of 

calf muscle) were also reduced when subjects performed backward bending while 

standing on a narrow support (Pedotti et al. 1989). Instability of supporting surface also 

affects the feedback component of postural control. Thus, standing on a narrow beam 

(Horak and Nashner 1986; Gatev et al. 1999) or on one leg (Tropp and Odenrick 1988) 

results in subjects utilizing primarily hip strategy while recovering from a perturbation 

induced by the moving support. Moreover, increase in the amplitude of EMG activity of 

leg and trunk muscles was observed while subjects wore unstable foot wear (Sousa et al. 

2010), while standing on foam (Fransson et al. 2007) and while standing on a wobble 

board (Burton 1986).  

While the effect of standing on foam or wobbling board was investigated individually, no 

studies were conducted to evaluate the effect of both supports in control of vertical 

posture in the presence of an external perturbation. Thus, to study the role of different 

surfaces upon APAs and CPAs we designed the current experiment where subjects stood 
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either on stable or unstable surfaces (foam, wobble board) while being exposed to similar 

perturbations induced at the shoulder level. We hypothesize that: a) APAs will be 

reduced in conditions with diminished stability, and b) CPAs will be different between 

the two unstable conditions with greater EMG activity in the most unstable condition that 

is foam. 

 

6.2 Subjects 

Nine healthy participants (4 males and 5 females) with no history of lower extremity 

injury within last 6 months, chronic ankle instability or clinically diagnosed balance 

disorder participated in the study. Mean age, height and weight of the participants were 

23±0.5 years, 1.7±0.02 m and 67±5.8 kg respectively. The protocol was approved by the 

University’s Institutional Review Board prior to participant recruitment and all 

participants provided written informed consent prior taking part in the experimental 

procedures. 

 

6.3 Procedure 

The subjects were instructed to stand on different surfaces and maintain standing balance 

while being subjected to upper extremity perturbation at the shoulder level by an 

aluminum pendulum (Mohapatra et al. 2011; Mohapatra et al. 2012). The supporting 

surface was either just kept firm by making the subject stand on the force platform 

(FIRM), on foam (thickness 12.7cm, FOAM) or on a customized wooden see saw  

(7.6cm in height), which can rotate around a medio-lateral axis, thus creating instability 

in the  sagittal plane (WOBBLE). The foam and see saw were positioned on the top of the 
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force platform. The subjects stood on these surfaces while keeping eyes open or closed. 

The experimenter made sure that the feet position in relation to the center of the force 

platform was the same across all the conditions. 

Electrical activity of muscles (EMGs) was recorded unilaterally (right side) from the 

following muscles: tibialis anterior (TA), biceps femoris (BF), semitendinosus (ST), 

vastus lateralis (VL), vastus medialis (VM), lateral gastrocnemius (GL), medial 

gastrocnemius (GM), rectus femoris (RF),  rectus abdominis (RA), and erector spinae 

(ES). 

 

6.4 Statistical Analysis 

Two separate multiple repeated-measures ANOVAs were performed. First analysis was 

focused on the feed forward postural control, which included two within subject factors: 

conditions (REO, FEO and WEO) and epochs (APA1 and APA2). Second analysis was 

focused on the feedback postural control that included two within subject factors: 

conditions (REC, FEC and WEC) and epochs (CPA1 and CPA2). The dependent 

variables were IEMGNORMs, latency of trunk and leg muscles, peak magnitude of the 

COP, and magnitude of COP at the moment of perturbation (T 0). A post hoc analysis 

(pair-wise t-test) with Bonferroni correction was further done to compare between 

conditions and epochs. For all the tests, statistical significance was set at p < 0.05. 

Statistical analysis was performed in SPSS 17 for Windows 7 (SPSS Inc., Chicago, 

USA). 
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6.5 Results 

6.5.1Feedforward control  

Electromyography patterns 

Anticipatory postural adjustments were seen in conditions with full vision: the majority 

of muscles showed activity prior to the perturbation (T0) (Fig 17).  Overall all the anterior 

muscles showed earlier activity in FOAM than WOBBLE (Table VIII). GL was the only 

muscle to show activity after perturbation in all surface conditions even when eyes were 

open. Moreover, irrespective of the nature of instability and somatosensory inputs, the 

first muscle to show activity in these conditions (FOAM or WOBBLE) was RF (115±26 

ms before T0 for FOAM and 62±37 ms before T0 for WOBBLE). 

 

Fig 17. Onsets of muscle activity with SE for EO conditions on the different supporting surfaces 

 

It is interesting to note that the subsequent muscles that showed activity for the unstable 

conditions were mainly the intermediate (thigh) muscles (VM and VL). Thus, VM was 

active at 108±28 ms and 59±36 ms before perturbation when the subjects stood on foam 
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and wobble board respectively. VL showed activity at 74±37 ms and 57±33 ms before 

perturbation for FOAM and WOBBLE conditions respectively.  

 

Principle Component Analysis 

PCA validity was confirmed by visual inspections of the scree plots. On an average, two 

principal components (PCs) (Table VI) accounted for the 75% total variance in the 

muscle activation space in the REO, 72 % in FEO, and 76 % of the total variance in the 

WEO conditions. The first PC in the REO showed significantly high loading values for 

BF, VL, ES, RF, ST and VM. In FEO however, the loading patterns for the first PC was 

significantly higher for VL, RF, ST, RA, VM and TA. Furthermore, when the subjects 

stood on the wobble board (WEO) the muscles which showed highest loading in the PC1 

were VL, ES, RF, VM and TA. The second PC in the REO showed significantly high 

loading values for ES, RA, TA and GL. In FEO however, the loading patterns for the 

second PC was significantly higher for BF, ES, ST, TA and GL. Furthermore, when the 

subjects stood on the wobble board (WEO) the muscles which showed highest loading in 

the PC2 were BF, ST and GL. 

It is important to note that a co-contraction pattern for the thigh muscles was seen 

especially in the PC1 component for FEO and REO conditions. In addition, REO also 

showed co-contraction for both the trunk and leg muscles in the PC2 component. A co-

contraction is defined as a pattern with significant loading coefficients on the same PC 

with the same sign (positive or negative) for two muscles with opposing actions at a 

particular joint (ankle, knee or hip) (Krishnan et al. 2012). 
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Muscles Components 

(REO) 

Components 

(WEO) 

Components 

(FEO) 

1 2 1 2 1 2 

BF .894 -.158 .279 .910 .002 -.955 

VL .886 .137 .950 .316 .726 -.063 

ES .544 .543 .694 -.426 -.157 -.927 

RF .845 -.035 .928 .177 .827 .124 

ST .836 .016 -.353 .799 .773 -.506 

RA -.337 .870 .341 -.434 .592 .310 

VM .807 -.105 .989 .120 .967 .099 

TA .019 .933 .679 -.180 .520 -.555 

GL .492 .619 -.261 -.889 .078 .765 

 

Table VI. PC analyses for muscle onsets for the eyes open conditions for various supporting 

surfaces are shown. Loading factors are presented for the first two PCs. Loadings over 0.5 are 

shown in bold. 

 

Electromyography integrals 

Anticipatory integrals of EMG (iEMGs) calculated for all the muscles and conditions are 

shown in Fig 18. The only muscle to show a significant main effect of the surfaces was 

TA (F2, 16=4.95, p=0.021) (Table VII). In general, seven out of the ten muscles (ES, GL, 

GM, RF, TA, VL and VM) showed highest anticipatory activity especially in the APA2 

epoch in the FOAM condition. Furthermore five of these seven muscles (ES, GL, RF, VL 

and VM) showed the least muscular activity especially in the APA2 epoch for the 

WOBBLE condition.  

 

Five muscles (RA, RF, TA, VL, and VM) showed a significant main effect of the two 

APA epochs analyzed (Table VII). When the APA1 and APA2 epochs were compared 

across conditions, iEMGs were larger during the APA2 epoch as compared to the APA1 
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in all the muscles. The difference was statistically significant in RA (p=0.001), RF 

(p=0.001), TA (p=0.05), VM (p=0.002) and VL (p=0.005) muscles. 

 

Fig 18. Normalized iEMG with SE shown for the APA epochs. * implies statistical significant 

(p<0.05) differences between FOAM and WOBBLE conditions. 

 

 

Displacements of Center of Pressure 

In EO conditions the subjects demonstrated almost equal CoP T0 displacements 

(0.014±0.002 m) in the backward direction in all the different surface conditions. While 

being positioned on different supports with eyes open (EO) the peak displacements of 

CoP were much smaller: 0.028±0.003 m on FOAM followed by WOBBLE (0.030±0.006 

m) and 0.033±0.004 m for FIRM conditions. 
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Muscles          Conditions 

 

 

 [ F2,16]                     p  

        Epochs  

 

 

[F1,8]               p 

Conditions * Epochs  

 

 

[F2,16]                       p 

TA 4.948
*
 0.021 4.983 0.056 1.420 0.271 

VL 1.747 0.206 14.943
*
 0.005 2.736 0.095 

VM 1.701 0.214 22.108
*
 0.002 5.113

*
 0.019 

RF 1.660 0.221 23.602
*
 0.001 3.154 0.070 

RA 3.272 0.064 24.108
*
 0.001 0.892 0.429 

GL 1.399 0.275 0.115 0.743 0.039 0.962 

ST 2.112 0.153 1.717 0.226 1.934 0.177 

BF 0.903 0.420 0.222 0.065 1.923 0.178 

ES 0.403 0.675 2.032 0.192 1.528 0.247 

 

Table VII.  Repeated measures ANOVA of IEMGNORM for conditions, epochs and their 

interactions. * indicates statistically significant differences (p<0.05). 

 

6.5.2 Feedback control  

Electromyography patterns 

There was no anticipatory activity in any muscle in conditions with eyes closed (EC): 

instead all the muscles (Fig. 19) became active only after the perturbation onset (T0). A 

group of muscles (TA, VL, ST and BF) showed earliest activity in the WOBBLE 

followed by FOAM and FIRM conditions. Another group of muscles (VM and GL) 

showed a different pattern with earliest activation seen in the FOAM followed by 

WOBBLE and last in FIRM. It is interesting to note that irrespective of the supporting 

surface the pattern of activation of muscles was similar based on their location on the 
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body (anterior or posterior). Thus, the anterior muscles were the first to show activity 

followed by the posterior muscles (Table VIII). 

 

Table VIII. Muscle onsets with S.E for all the muscles for both eyes open and eyes closed 

conditions for various supporting surfaces. 

 

Fig 19. Onsets of muscle activity with SE for EC conditions on the different supporting surfaces 

 

 

Muscles EO EC 

Anterior FOAM FIRM WOBBLE FOAM FIRM WOBBLE 

TA -22±25 -82±39 -19±35 46±3 60±6 35±8 

VL -74±37 -105±39 -57±33 42±4 50±4 28±10 

VM -108±28 -75±26 -59±36 42±4 47±4 44±9 

RF -115±26 -45±28 -62±37 39±3 44±3 39±3 

RA -27±23 -37±21 -12±12 24±11 29±6 34±6 

Posterior       

GL 10±12 15±25 33±13 51±11 62±9 56±7 

ST -24±32 -24±29 -49±33 56±13 64±5 54±11 

BF -17±25 -46±34 -22±26 62±11 75±12 61±11 

ES -12±23 -14±25 -51±36 79±9 68±7 56±20 
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Principle Component Analysis 

PCA validity was confirmed by visual inspections of the scree plots. On an average, two 

principal components (PCs) (Table IX) accounted for the 74% total variance in the 

muscle activation space in the REC, 73 % in FEC, and 70 % of the total variance in the 

WEC conditions. 

 

Muscles Components 

(REC) 

Components 

(WEC) 

Components 

(FEC) 

1 2 1 2 1 2 

BF -.364 -.939 .771 .147 .099 .946 

VL .626 -.564 .041 .914 .883 .117 

ES -.167 .616 .300 -.259 .760 .161 

RF .686 -.536 .913 .074 .910 .098 

ST .653 -.476 .679 -.447 -.022 .973 

RA .263 .107 .670 .291 .498 .100 

VM .942 -.154 .531 -.716 .960 -.257 

TA .985 .083 .280 .963 .933 .071 

GL .085 -.873 .854 -.188 .549 -.129 

 

Table IX. PC analyses for muscle onsets for the eyes closed conditions for various supporting 

surfaces are shown. Loading factors are presented for the first two PCs. Loadings over 0.5 are 

shown in bold. 

 

The first PC in the REC showed high loading values (Table IX) for VL, RF, ST, VM and 

TA. In FEC however, the loading patterns for the first PC was significantly higher for 

VL, ES, RF, VM, TA and GL. Furthermore, when the subjects stood on the wobble board 

(WEC) the muscles which showed highest loading in the PC1 were BF, RF, ST, RA, VM 

and GL. The second PC in the REC showed high loading values for BF, VL, RF and GL. 
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In FEC however, the loading patterns for the second PC was significantly higher for BF 

and ST. Furthermore, when the subjects stood on the wobble board (WEC) the muscles 

which showed highest loading in the PC2 were VL, VM and TA.  

A co-contraction pattern was seen in the thigh muscles especially in the PC1 and PC2 

components for WEC condition and just the PC1 of the WEC. In addition, FEC also 

showed co-contraction for leg muscles in the PC1 component.  

 

Electromyography integrals 

Compensatory integrals of EMG (iEMGs) of TA, VL and GL calculated for all the 

conditions (Integrals shown in Fig 20). There was a significant main effect of the support 

surface (Table X) in GL, RF, TA, VL and VM. Thus, compensatory iEMGs were 

significantly larger in BF (p=0.028), GL (p<0.0001) and TA (p<0.0001) for FOAM when 

compared with the condition when the subject stood on the force-platform (FIRM). 

Additionally, compensatory iEMGs were significantly larger in RF (p=0.022), VL 

(p=0.05), TA (p=0.031) and VM (p=0.05) while standing on FOAM when compared to 

WOBBLE. The comparison of the epochs revealed that CPA1 was significantly larger 

(p<0.01) than CPA2 for all the muscles (Table X). 
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Fig 20. Normalized iEMG with SE shown for the CPA epochs. * implies statistical significant 

(p<0.05) differences between FOAM and WOBBLE conditions and # between FOAM and FIRM 

conditions. 

 

Muscles          Conditions 

 [ F2,16]                     p  

        Epochs  

[F1,8]               p 

Conditions * Epochs  

[F2,16]                       p 

TA 19.614
#
 <0.0001 13.456

#
 0.006 2.269 0.136 

VL 6.938
#
 0.007 56.686

#
 <0.0001 1.889 0.184 

VM 5.748
*
 0.013 46.141

#
 <0.0001 2.257 0.137 

RF 8.934
#
 0.002 131.454

#
 <0.0001 0.281 0.759 

RA 1.088 0.361 134.46
#
 <0.0001 1.092 0.359 

GL 10.123
#
 0.001 26.901

#
 0.001 0.437 0.653 

ST 2.380 0.124 12.261
#
 0.008 2.295 0.133 

BF 2.887 0.085 23.040
#
 0.001 2.714 0.097 

ES 1.841 0.191 61.840
#
 <0.0001 1.003 0.389 

 

Table X. Repeated measures ANOVA of IEMGNORM for conditions, epochs and their 

interactions. * indicates statistically significant differences (p<0.05). 
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Displacements of Center of Pressure  

When subjects stood on the force-platform (FIRM) with eyes closed, their maximum CoP 

displacement was (0.055±0.003 m), followed by WOBBLE (0.053±0.004 m) and FOAM 

(0.052±0.004 m) surface.  

 

6.6 Discussion 

The results provide evidence on the role of body instability and deficient proprioceptive 

and somatosensory inputs in generation of APAs and CPAs.. Moreover, this investigation 

revealed that both APAs and CPAs were larger in conditions with increased body 

instability. Thus, standing on foam that created instability in both sagittal and frontal 

planes as well as reduced somatosensory inputs, was associated with greater APAs as 

well as CPAs compared to the wobble board condition, which just destabilized the body 

in the sagittal plane with no major reduction in the somatosensory inputs. Hence our first 

hypothesis that there will be reduction in APAs with increase in instability was rejected 

but the second hypothesis was supported as there was an increase in CPAs with increase 

in instability. 

 

6.6.1 Role of support instability on feedforward postural control  

While positioning on foam various parameters of normal standing are compromised or 

altered. First, foam induces instability in both, the sagittal and also in frontal planes. 

Second, the somatosensory inputs from the sole of the feet are distorted due to the altered 

texture of the supporting surface. Hence while standing on foam an individual deals with 
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both, greater instability and unreliable somatosensory information. As a result, such an 

increase in threat to stability is associated with the co-contraction in the thigh muscles 

(confirmed by the PC analysis) which results in overall increase of the activity of the 

postural muscles during the anticipatory epochs. This outcome contrasts previous 

literature (Pedotti et al. 1989; Aruin et al. 1998) reporting decreased APAs when posture 

was unstable. The differences in the outcomes can be explained  by the use of  unstable 

posture or board in the former studies and foam in the current study to make the 

supporting surface unstable. Foam not only affects the stability but also alters 

somatosensory information which changes due to its compliant nature. Hence, we can 

suggest that when both stability and sensory information are altered we may not see the 

previously described reduction of APAs. 

When subjects stood on the wobble board although the surface in contact with the feet 

was unyielding as in the FIRM condition and the board was unstable in the sagittal plane. 

Most of the muscles showed smaller APAs in the WOBBLE condition. Thus this result is 

in agreement with the previous literature (Pedotti et al. 1989; Aruin et al. 1998) 

suggesting that when surface is unstable the CNS uses a strategy to generate smaller 

APAs thus avoiding additional destabilization of body equilibrium. Furthermore past 

studies  (Gantchev and Dimitrova 1996) reported that when a subject stands on a board 

unstable in the sagittal plane (i.e. on a see-saw) the anticipatory EMG activity of BF and 

SOL muscles is observed earlier compared to the stable condition. However, in our study 

although reduced APAs were noticed when the subjects stood on a wobble board with the 

intermediate muscles (around the knee joint) showeing  the least activity across all 

conditions. Moreover, the intermediate muscles (RF, BF) were not activated early when 
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the subjects were positioned on a wobble board.  The differences in the study outcomes 

could be due to the dissimilarity of the self-initiated perturbations (Gantchev and 

Dimitrova 1996) and external perturbation used in the current study.  

It is interesting to note that although the anticipatory activity varied between different 

surface conditions, almost similar anticipatory CoP displacements were seen in 

experimental conditions with different stability of the supporting surface. We can 

speculate that the support-related changes in the EMG activity was not realized in 

significant changes in the body position as the CNS modulated anticipatory activity of the 

trunk and leg muscles maintaining the CoP relatively motionless. It is also important to 

note that anticipatory activation was seen as co-activation of muscles which might be 

responsible for a cancellation of the effect of muscle activation on the CoP displacement. 

This suggestion is supported by the outcome of a study involving self-initiated releases of 

a load from extended arms while standing on an unstable board (Aruin et al. 1998) that 

also reported a lack of clear attenuation in the CoP displacement that depended on the 

direction of instability.  

 

6.6.2 Role of support instability on feedback postural control  

Surface-dependent order of activation of the trunk and leg muscles in response to the 

translation or tilts of the support surface was described in the literature (Keshner et al. 

1988; Nardone et al. 1990). When postural responses to lateral and antero-posterior 

surface translations were compared, the kinematic patterns in response to such 

translations were similar thus showing sequential displacement and reversal of the 

shank/thigh and then trunk segments (Henry et al. 1998a).  It was suggested that neither a 
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simple reflex mechanism nor a fixed muscle synergy organization is adequate to explain 

the muscle activation patterns observed in response to a multidirectional surface 

translations (Henry et al. 1998b). In the current study irrespective of the nature of 

instability of the supporting surface after the perturbation all anterior muscles were 

activated first followed by the activation of posterior muscles. This further corroborates 

the finding as reported earlier that a flexible continuum of muscles synergies is task-

dependent. The differences in the order of activation of muscles in the current study and 

the former one could be explained by a different type of perturbation and its point of 

application. While past studies mainly used a support surface translation movements, our 

study utilized perturbations delivered to the shoulders.  

Past studies have also suggested that the body CoM was displaced equally in response to 

lateral and antero-posterior translations, redistributing the vertical forces and changing 

the shear forces exerted against the support surface necessary for maintaining equilibrium 

(Henry et al. 1998a). In our investigation we found slightly larger displacements of CoP 

after perturbation in the stable (FIRM) conditions when compared to unstable conditions 

(FOAM or WOBBLE). This can be explained by the support-related differences in the 

ability to apply forces to the ground. When the supporting surface was the most 

compliant and unstable (FOAM) the subjects might had difficulties in generating forces 

needed for efficient balance restoration after the perturbation. This finding is in line with 

past studies reporting that when subjects were positioned on compliant surface smaller 

peak pressure amplitudes were recorded in the fore-foot and rear-foot  . 
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CHAPTER VII 

 

CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH 

 

7.1 Conclusions 

The purpose of this thesis was to investigate how altering vision and proprioception will 

affect the feedforward (APAs) and feedback (CPAs) control of posture in young healthy 

individuals. 

In the first chapter we presented an overview of how various systems play a role in 

controlling vertical posture. Further, we went on describing the crucial role that APAs 

and CPAs play in the maintenance of posture. The second chapter described the methods 

used in all the experiments presented in the thesis.  

Our research findings were presented in Chapters Three, Four, Five and Six. The first 

study (Chapter Three) provided crucial information necessary to understand how changes 

in visual acuity will affect the generation of APAs and thus subsequently affect the 

CPAs. The study outcome revealed that vision plays an important role in the generation 

of anticipatory and compensatory corrections while maintaining posture. It was also 

demonstrated that changes in visual acuity induced by differently powered glasses affect 

the way anticipatory postural adjustments are utilized, which in turn affects the 

compensatory control of posture. Hence, the role of glasses of different powers should be 

taken into consideration when studying APAs and CPAs in relation to posture studies. 

The second study (Chapter Four) investigates how different visual cues affect the 

generation of APAs. In this study we used a stroboscope that produced both static as well 

as dynamic visual cues. The outcome of the study revealed that when dynamic cues are 
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available it is easier for the CNS to predict the upcoming perturbation and generate APAs 

than when static cues are present. This conclusion is supported by the corresponding 

changes in the EMG activity and CoP displacements.  This outcome helps to understand 

how different visual cues can enhance generation of APAs and thus play a role in control 

of vertical posture. 

The third study (Chapter Five) was done with a focus to understand the role of 

proprioception in control of vertical posture and how it affects APAs and CPAs. Using a 

miniature customized tendon vibrator around the Achilles tendon, proprioceptive 

information from the ankle joints was altered. The outcome of the study reveled a 

delayed generation of APAs prior to the external perturbation and the diminished CPAs. 

Thus this study sheds light on the interplay between APAs and CPAs in healthy 

individuals in the presence of altered proprioception. 

The fourth and the final study (Chapter Six) examined how different supporting surfaces 

such as a foam or wobbling board affect feedforward and feedback control of posture. 

The outcome of the study revealed a region specific control of posture based on the type 

of supporting surface. Thus, APAs were most reduced for distal muscles in foam, 

intermediate muscles in wobbling board condition and a mix of proximal and distal 

muscles when the supporting surface was just flat and rigid. Also, the CoP peak after 

perturbation was the maximum when the surface was most stable and least when it was 

very unstable. This information should be taken into consideration in planning 

rehabilitation interventions focused on improvement of balance in patients.  
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7.2 Directions for future research 

From all of our studies we could establish the role of APAs and CPAs in control of 

vertical posture while being subjected to altered vision or proprioceptive inputs. The 

studies were done only on healthy individuals because we had to first understand how 

these senses when altered affect the normal control of posture for which we designed the 

above set of studies. 

Future studies could extrapolate the knowledge gained from these set of studies to patient 

populations. Thus, the first study (Chapter Three) could be modified to understand how 

different aspects of control of posture are affected in individuals with low vision either 

due to age (elderly) or disease (myopia, hyperopia, diabetic retinopathy etc.). 

Understanding the control of vertical posture in such individuals will not only help us 

constantly monitor  posture and thus prevent instability leading to falls in these 

populations, but also it will be an important point to consider while developing balance 

rehabilitation protocols for such individuals. 

The second study (Chapter Four) could be shaped further from a lab setting to more of a 

practical usage. For example, understanding how frequency of visual cues affect the way 

we perceive an approaching object could help better design vehicles and subsequently 

lighting on the streets to make our walking and driving much safer. As we could relate 

the fact that knowledge of cues is important for the generation of feedforward control of 

posture, we can speculate this will also alter the way we perceive an approaching threat 

and thus keep the driver more alert. Not only in driving, but also in clinical settings 

different frequencies of light could be used to challenge and train individuals so that they 
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can better perceive and react to an incoming threat and thus improve their balance by 

better controlling their posture. 

The subject of the third study (Chapter Five) can be further investigated in individuals 

with loss of proprioception due to age (elderly) or disease (diabetic neuropathy etc.). A 

better knowledge of how these individuals control their posture can help rehabilitation 

professionals to design balance rehabilitation tools that can be customized to the need of 

such individuals. Moreover, additional strategies could also be developed to counteract 

this lost or altered proprioception that will ultimately help these individuals to lead a 

better life. 

The outcome of the fourth and the final study (Chapter Six) can be applied to individuals 

who show instability due to loss of both proprioceptive as well as somatosensory inputs. 

This loss of sensations can either be due to age (elderly), disease (neuropathies) or trauma 

(nerve injuries). Furthermore, training such individuals on unstable surfaces such as foam 

or a wobbling board would better prepare them to deal with instability during day-to-day 

life and thus avoid loss of balance. 

Although the outcomes from our studies lay a foundation to better understand postural 

control, lots still need to be done to further explore the role of feed-forward and feedback 

control on posture in patient populations. Future experiments can focus on development 

of balance training techniques for rehabilitation of individuals with impaired postural 

control.  
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