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   ABSTRACT 

ALTERATIONS IN POSTURAL CONTROL FOLLOWING AN ACUTE BOUT  

OF SOCCER HEADING 

By Francis J. Haran  

Temple University, August 2009  

Major Advisor: Dr. Michael Sitler  

This study sought to determine if an acute bout of 

soccer heading adversely altered postural control and 

pronounced self-reported symptoms of cerebral concussion. 

Sixteen collegiate soccer players were randomly assigned to 

one of two groups: control (CG) or experimental (EG). 

Participants either simulated or performed 10 headers in 10 

min at a ball velocity 11.2 m/s. A concussion signs and 

symptoms checklist was completed and postural control was 

assessed on four separate occasions: prior to heading (hr 

0), hr 1, hr 24, and hr 48 post heading. The postural 

control parameters were the root mean square (RMS) of the 

center of mass (COM) and approximate entropy (ApEN) of the 

center of pressure (COP).  

The results indicated that there were no significant 

differences between the CG and EG in the sum of self-
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reported concussion signs and symtoms; however, there were 

significant alterations in postural control, occurring 

primarily at 24 hrs following heading. Within the EG only 

there were significant differences across time for 

anterior-posterior (AP) COM RMS for conditions 3 (i.e., 

rotating virtual environment [VE] and stable support 

surface) and 4 (i.e., rotating VE and unstable support 

surface). Also, medial-lateral (ML) COM RMS values were 

significantly higher for the EG when compared to the CG at 

hr 24. The EG had significantly lower COP ApEn values in 

both the AP and ML directions when compared to the CG at hr 

24. Condition 4 was found to induce significantly greater 

postural control deficits when compared to the other 

conditions in the ML COM RMS and AP COP ApEn. 

These findings indicate that an acute bout of heading, 

even at the low velocities presented in this experiment, 

result in quantifiable alterations in postural control that 

are detectable 24 hours post heading and dissipate within 

an additional 24 hours. The significant findings are 

contrary to the acute heading literature and may be due to 

the postural control assessment that incorporated robust 



v 

 

 

discordant environmental conditions. Further research on 

the clinical usefulness of the assessment as well as long-

term accumulation effects of heading is warranted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

 

ACKNOWLEDGEMENTS 
  

I would like to thank my mentors, colleagues, friends, 

and family for their support through my academic journey. 

I’ve been fortunate to meet people who were willing to 

contribute a lot of time, work, and patience into helping 

me develop as a researcher and a person. Special thanks to 

my scientific mentors: Drs. Bloomberg, Keshner, Layne, 

Mokha, Peters, Sitler, Tierney, and Wright. Thanks to my 

friends and colleagues: Chris Rhea, Danielle Blankinship, 

Jill Slaboda, Jim Loehr, and Jorge Blanda. Most 

importantly, I want to give a very large thank you to my 

mother, father, sister, and brother in-law for believing in 

me for the last eight long years.  



vii 

 

 

TABLE OF CONTENTS 
Page 

 
ABSTRACT  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   iii 

 
ACKNOWLEDGEMENTS.  .  .  .  .  .  .  .  .  .  .  .  .    vi 

 
LIST OF TABLES  .  .  .  .  .  .  .  .  .  .  .  .  .     x 

 
LIST OF FIGURES .  .  .  .  .  .  .  .  .  .  .  .  .  xiii 

 
 CHAPTER 
 
1.  REVIEW OF LITERATURE           

 
 Mild Traumatic Brain Injury  .  .  .  .  .     1  

Epidemiology.  .  .  .  .  .  .  .  .     2  
Pathomechanics .  .  .  .  .  .  .  .     2 
Soccer Heading .  .  .  .  .  .  .  .     5 

Postural Control .  .  .  .  .  .  .  .  .     7 
Directional Stability.  .  .  .  .  .     9 
Postural Adjustments .  .  .  .  .  .    10 

                 Central Nervous System   
Structures  .  .  .  .  .  .  .  .    12 

Cerebral Cortex .  .  .  .  .  .    12 
Cerebellum.  .  .  .  .  .  .  .    16 
Brainstem .  .  .  .  .  .  .  .    18 

Sensory Systems.  .  .  .  .  .  .  .    20 
Somatosensory System  .  .  .  .    21 
Visual System.  .  .  .  .  .  .    23 

 Vestibular System  .  .  .  .  .    24 
Sensory Organization .  .  .  .  .  .    26 

Clinical Assessment of Posture  .  .  .  .    29 
                            Otoneurological and Neurological            

Tests  .  .  .  .  .  .  .  .  .  .    30 
          Romberg Test   .  .  .  .  .  .  .  .    31 

          Clinical Test of Sensory Interaction    
 and Balance  .  .  .  .  .  .  .  .    31 

Balance Error Scoring System  .  .  .    32 
Advanced Postural Assessments.  .  .  .  .    33 

   Computerized Posturography .  .  .  .    33 
     Balance-correcting Responses .  .    34



viii 

 

 

Balance-stabilizing Responses.  .    35 
         Virtual Environments .  .  .  .  .  .    36 

Approximate Entropy .  .  .  .  .  .  .  .    38 
Summary .  .  .  .  .  .  .  .  .  .  .  .    42 

 
2. EFFECTS OF AN ACUTE BOUT OF SOCCER HEADING     

       ON POSTURAL CONTROL    
 

Introduction  .  .  .  .  .  .  .  .  .  .    43 
Statement of the Purpose  .  .  .  .  .  .    45 
Hypothesis .  .  .  .  .  .  .  .  .  .  .    45 
Methods .  .  .  .  .  .  .  .  .  .  .  .    45 

Research Design .  .  .  .  .  .  .  .    45 
Participants .  .  .  .  .  .  .  .  .    46  
Instrumentation .  .  .  .  .  .  .  .    46  

Head Impact Model.  .  .  .  .  .    46    
Postural Stability Assessment   .    47 

Procedures.  .  .  .  .  .  .  .  .  .    48 
Data Reduction and Analysis .  .  .  .    48 

Approximate Entropy .  .  .  .  .    48 
Analysis of Variance.  .  .  .  .    51 

Results .  .  .  .  .  .  .  .  .  .  .  .    52 
Discussion .  .  .  .  .  .  .  .  .  .  .    52  
Conclusion .  .  .  .  .  .  .  .  .  .  .    57 

 
3. ALTERATIONS IN POSTURAL CONTROL  FOLLOWING AN ACUTE  

   BOUT OF SOCCER HEADING         

  

      Introduction  .  .  .  .  .  .  .  .  .  .    59 
Statement of the Purpose  .  .  .  .  .  .    61 
Hypotheses .  .  .  .  .  .  .  .  .  .  .    62    
Methods .  .  .  .  .  .  .  .  .  .  .  .    62 

Research Design .  .  .  .  .  .  .  .    62 
Participants .  .  .  .  .  .  .  .  .    62   
Instrumentation .  .  .  .  .  .  .  .    63 

Head Impact Model.  .  .  .  .  .    63      
Postural Stability Assessment   .    63 
Virtual Environment .  .  .  .  .    65 
Concussion Signs & Symptoms     

         Checklist  .  .  .  .  .  .  .    66 
Procedures.  .  .  .  .  .  .  .  .  .    67 

   Data Reduction  .  .  .  .  .  .  .  .    68 
Approximate Entropy .  .  .  .  .    68 
Root Mean Square .  .  .  .  .  .    72 



ix 

 

 

Data Analysis.  .  .  .  .  .  .  .  .    73 
Results .  .  .  .  .  .  .  .  .  .  .  .    73 
Discussion .  .  .  .  .  .  .  .  .  .  .    80 
Conclusion .  .  .  .  .  .  .  .  .  .  .    87 

 
REFERENCES.  .  .  .  .  .  .  .  .  .  .  .  .  .  .    89 

  
 APPENDIXES                 
 
A. INFORMED CONSENT FORM  .  .  .  .  .  .  .  .  .   121 

 
B.   HEALTH INSURANCE PORTABILITY AND ACCOUNTABILITY   

ACT FORM.  .  .  .  .  .  .  .  .  .  .  .  .   127 
 

C. CONCUSSION SIGNS AND SYMPTOMS CHECKLIST  .  .  .   130 
 

D. HEALTH HISTORY AND ACTIVITY QUESTIONNAIRE.  .  .   132 
 

E. STATISTICAL TABLES  .  .  .  .  .  .  .  .  .  .   136    
 

F. RAW DATA   .  .  .  .  .  .  .  .  .  .  .  .  .   152          



x 

 

 

LIST OF TABLES 
Table                                 Page                                        

 
 
 

1.  Descriptive Characteristics of the Approximate    
 Entropy Center of Pressure Pilot Data.  .  .    53 

 
2.  Reliability of Center of Pressure from      

Pilot Experiment Data .  .  .  .  .  .  .  .    72 
 

3.  Sum of the Concussion Signs and Symptom Severity    
Scores.  .  .  .  .   .  .  .  .  .  .  .  .    73 

 
4.  Descriptive Characteristics of the Center of    

Pressure Approximate Entropy Data .  .  .  .    74   
 

5.  Descriptive Characteristics of the Center of     
Mass Root Mean Square Data  .  .  .  .  .  .    78       

  
E-1.  Independent T-test Results for the Sum of the  

  Concussion Signs and Symptom Scores and    
   Symptoms Severity Scores.  .  .  .  .  .  .   137 

 
E-2. ANOVA Results for the Approximate Entropy of       

    the Medial-Lateral Center of Pressure    
  Pilot Experiment Data.  .  .  .  .  .  .  .   138  

 
E-3.  ANOVA Results for the Approximate Entropy of    

the Anterior-Posterior Center of Pressure     
  Pilot Experiment Data.  .  .  .  .  .  .  .   139 

 
 

E-4.  ANOVA Results for the Medial-Lateral Center of  
    Pressure Approximate Entropy data   .  .  .   140 

 
E-5.  Post-hoc T-test Pair-wise Comparisons for Group   

          Time Interaction of the Medial-Lateral     
     Center of Pressure Approximate       

  Entropy Data.  .  .  .  .  .  .  .  .  .  .   141 
 

E-6.  ANOVA Results for the Anterior-Posterior Center  
  of Pressure Approximate Entropy Data.  .  .   142 

  
E-7.  

 



xi 

 

 

E-8. Post-hoc T-test Results for Group by Time         
Interaction for the Anterior-Posterior       
Center of Pressure Approximate        
Entropy Data  .  .  .  .  .  .  .  .  .  .  .   143 

 
E-9.  Significant Post-hoc Pair-wise Comparisons for   

  the Conditional Main effect of Anterior   
    -Posterior Center of Pressure      
   Approximate Entropy Data.  .  .  .  .  .  .   144 

 
E-10.  ANOVA results for the Medial-Lateral Center of 

  
Mass of Root Mean Square Data .  .  .  .  .   145  

 
E-11.  Post-hoc T-test Results for the Group x Time                

Interaction of the Medial-Lateral Center     
of Mass Root Mean Square Data  .  .  .  .  .   146 

 
E-12.   Significant Post-hoc Pair-wise Comparisons for   
        the Condition Main Effect of the Medial       

 -Lateral Center of Mass Root Mean       
  Square Data.  .  .  .  .  .  .  .  .  .  .   147 

 
E-13.  ANOVA Results for the Anterior-Posterior Center   

   of  Mass of Root Mean Square values    
 Approximate Entropy Data  .  .  .  .  .  .   148 

 
E-14.  Post-hoc ANOVA results for the Anterior-Posterior  

     Center of Mass Root MeanSquare Data Post-hoc    
     One-way ANOVA with Repeated Measures Results    

  for the Anterior-Posterior Center of Mass      
Root Mean Square Data.  .  .  .  .  .  .  .   149 

 
E-15.  Post-hoc One-way ANOVA Results across Time     
         within each condition for the      

 Experimental Group Anterior-       
   Posterior Center of Mass          

Root Mean Square data   .  .  .  .  .  .  .   150  
 

E-16.  Post-hoc Independent T-test results for    
    Experimental Group across time for       

the Anterior-Posterior Center of        
Pressure Root Mean Square Data .  .  .  .  .   151 

 
F-1.  Sum of the concussion Signs and Symptom    

 Severity Scores Raw Data.  .  .  .  .  .  .   153 
 



xii 

 

 

F-2.  Medial-Lateral Center of Pressure Approximate  
  Entropy Raw Data  .  .  .  .  .  .  .  .  .   154  

 
F-3.  Anterior-Posterior Center of Pressure     

 Approximate Entropy Raw Data  .  .  .  .  .   159 
 

F-4.  Medial-Lateral Center of Mass Root Mean Square    
Raw Data .  .  .  .  .  .  .  .  .  .  .  .   164  

 
F-5.  Anterior-Posterior Center of Mass Root Mean    

   Square Raw Data.  .  .  .  .  .  .  .  .  .   169 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xiii 

 

 

LIST OF FIGURES 
 

Figure                               Page                                         
 
 

1.   Experimental and Control Group Means collapsed    
      across condition for each Postural        

Assessment Post Heading for the        
       Medial-lateral Center of          
       Pressure Approximate            

Entropy Data  .  .  .  .  .  .  .  .  .  .  .    75 
 

2.   Experimental and Control Group Means collapsed    
       across condition for each Postural       

Assessment Post Heading for the        
   Anterior-posterior Center of         
   Pressure Approximate              

Entropy Data   .  .  .  .  .  .  .  .  .  .  .    76 
 

3.   Experimental and Control Group Means collapsed    
       across time for each condition for the      

   Anterior-posterior Center of         
   Pressure Approximate              

Entropy Data   .  .  .  .  .  .  .  .  .  .  .    76 
 

4.   Experimental and control group means collapsed      
across condition for each postural       

    assessment for the Medial-Lateral        
Center of Mass Root Mean          
Square Data .  .  .  .  .  .  .  .  .  .  .  .    77 

 
5.   Experimental and control group means collapsed      

across conditions for each postural      
   assessment for Anterior-posterior        
   Center of Mass Root Mean           

Square Data .  .  .  .  .  .  .  .  .  .  .  .    79 
  

6.   Experimental Group Condition Means for each      
   Postural Assessment for the Anterior-       

        Posterior Center of Mass Root Mean          
Square  Data .  .  .  .  .  .  .  .  .  .  .  .    80 

 

 

 



1 

 

 

CHAPTER 1 

REVIEW OF LITERATURE 

Mild Traumatic Brain Injury 

The medical definition of a concussion or mild 

traumatic brain injury (MTBI) was introduced by the Mild 

Traumatic Brain Injury Committee in 1996 and recently 

updated for sports-related injuries by the National 

Athletic Trainers’ Association (NATA). The NATA defined a 

sports-related MTBI as a complex pathophysiological process 

affecting the brain, induced by traumatic biomechanical 

forces (Guskiewicz et al., 2004).  

Signs and symptoms commonly associated with post-

concussion syndrome include: persistent headaches, vertigo, 

light-headedness, loss of balance, unsteadiness, syncope, 

near syncope, cognitive dysfunction, memory disturbance, 

hearing loss, tinnitus, blurred vision, diplopia, visual 

loss, personality change, drowsiness, lethargy, fatigue, 

and inability to perform usual daily activities (Casson, 

Pellman, & Viano, 2008). The number of signs and symptoms 

present are positively correlated with playing time lost 

(Casson et al., 2008). Typically, a return to play decision 

is based solely on the severity and duration of the signs 

and symptoms (Powell, 2001). However, recent technological 

advances have provided the sports medicine community with 
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more objective and quantifiable assessment tools to assist 

with return to play decisions (Guskiewicz, 2001).  

Epidemiology 

The prevalence of MTBI in the United States is 131 out 

of 100,000 people annually (Chua, Ng, Yap, & Bok, 2007).  

In 1998, the Centers for Disease Control and Prevention 

reported that approximately 300,000 sports-related MTBIs 

occur annually (Thurman, Branche, & Sniezek, 1998).  

However, this report only included injuries that were 

associated with syncope. Other reports have suggested that 

injuries with syncope may account only for 8 to 19% of 

sports-related injuries. Taking this into account, a more 

accurate estimate may be 1.6 million to 3.8 million sports-

related MTBIs annually (Langlois, Rutland-Brown, & Wald, 

2006). This estimate might still be low because medical 

care is not always sought after a sport-related MTBI and 

many such injuries are unrecognized and uncounted 

(Guskiewicz et al., 2004).  

Pathomechanics 

A MTBI is caused by trauma to the head that generates 

high magnitude impact forces over a relatively short 

duration (5 to 200 ms), resulting in linear and rotational 

acceleration forces on the neck, head, and brain (Shaw, 

2002). The magnitude of force required to produce a 
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detectable MTBI has been shown to vary with the impact 

location, impact duration, acceleration magnitude, and 

acceleration directionality (Guskiewicz et al., 2007).  

There is currently no agreement on what the threshold 

should be for head accelerations associated with a MTBI. It 

has been reported to be as high as 70 to 75 times the force 

of gravity (Pellman, Viano, Tucker, & Casson, 2003) and as 

low as 55 time the force of gravity (Brolinson et al., 

2006). Even if a threshold for MTBI is established it is 

still a formidable task to quantify the biomechanics of an 

individual MTBI (Naunheim, Standeven, Richter, & Lewis, 

2000).  

There are three relatively distinct biomechanical 

mechanisms that can a MTBI. The mechanisms are: (1) violent 

impact between the surface of the brain and the skull due 

to the rotary inertial loading, (2) traction on brainstem 

neurons due to forceful movement of the hemispheres, and 

(3) depression of the skull bones associated with the 

deformation of the underlying brain tissue and the 

propagation of pressure waves (Shaw, 2002). Each of the 

aforementioned injury mechanisms involve the near instant 

transfer of kinetic energy involving absorption 

(acceleration) or a release (deceleration) of kinetic 



4 

 

 

energy due to a violent collision between the head and the 

soccer ball (Shaw).  

Violent collisions between a fixed object and the 

skull can induce deformation, distortion, or compression of 

neural tissue and lead to a possible injury (Shaw, 2002). 

Various types of brain injuries can occur under such 

conditions: coup, contre-coup, and stress-strain injuries 

(Shaw). Coup injuries are injuries to the brain that occur 

directly beneath the point of impact on the skull and are 

associated with acceleration trauma. In contrast, contre-

coup injuries occur elsewhere on the surface of the brain, 

typically opposite to the impact point and are associated 

with deceleration trauma. Stress-strain injuries occur due 

to the cerebrum rotating about the fixed brainstem leading 

to injuries to the cortical areas, subcortical areas, and 

brainstem (Shaw). All of the aforementioned injuries are 

related to the inertia of brain following accelerational 

and/or decelerational trauma. Sudden accelerational trauma 

creates movement of the brain that lags the movement of the 

skull (Shaw). Conversely, with decelerational trauma, the 

brain continues to move for fraction of a second after the 

skull has stopped moving (Shaw). 
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Soccer Heading 

Previous research has examined whether repetitively 

heading a soccer ball induces an injury similar to a MTBI, 

which may adversely affect athletes and possibly predispose 

them to a second injury. Each header has been suggested to 

expose neural tissue to subconcussive trauma. Research 

using neuropsychological testing as an indicator of 

neurological functioning has correlated heading with 

cognitive deficits. The studies have been refuted, however,  

confounding variables, such as concussion history or 

alcohol consumption, were not controlled (Tysvaer & Lochen, 

1991; Tysvaer & Storli, 1981, 1989; Tysvaer, Storli, & 

Bachen, 1989). 

More recent studies have controlled for such 

confounding variables, and all but one of the studies have 

indicated that a “history of heading” is not correlated 

with adverse cognitive functioning (Guskiewicz, Marshall, 

Broglio, Cantu, & Kirkendall, 2002; Jordan, Green, Galanty, 

Mandelbaum & Jabour, 1996; Kaminski, Cousino, & Glutting, 

2008; Stephens, Rutherford, Potter, & Fernie, 2005; 

Straume-Naesheim, Andersen, Dvorak, & Bahr, 2005). A 

limitation of these studies is that they only tested the 

longitudinal effects of heading, rather than the short-term 

effects (Matser, Kessels, Lezak, & Troost, 2001). Three 
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studies addressed this limitation and examined the effect 

of the number of headers performed within a single season 

on cognitive functioning (Matser et al., 2001; Webbe & 

Ochs, 2003; Witol & Webbe, 2002). Each study reported that 

heading did adversely affect cognitive functioning; however 

these studies still did not examine the acute effects of 

heading defined as effects identified within 96 hrs post 

heading. One study performed testing in a laboratory 

setting to examine the acute effect but also reported that 

heading did not adversely affect cognitive functioning 

(Putukian, Echemendia, & Mackin, 2000). 

Possibly due to the conflicting results of the 

neuropsychological testing, more recent studies have 

switched to or added a postural control assessment into 

their methodology to examine the acute effects of heading. 

None of the studies reported a relationship between heading 

and postural control dysfunction (Broglio, Guskiewicz, 

Sell, & Lephart, 2004; Kaminski, Wikstrom, Gutierrez, & 

Glutting, 2007; Mangus, Harvey, Wallman, & Ledeord, 2004; 

Schimdt, Hertel, Evans, Olmested, & Putukian, 2004). Each 

study incorporated different sensory conditions in their 

assessments, ranging from simply removing visual input to a 

systematic manipulation of each sensory system. However, it 

is possible that none of the sensory manipulations were 
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robust enough to illuminate the heading alterations in 

postural control parameters. 

Postural Control 

Postural control was once considered to be a single 

system of righting and equilibrium reflexes; however, that 

is not the case today. It is currently considered to be a 

complex motor skill derived from the interaction of 

multiple sensorimotor processes (Horak, 2006). The two main 

functional goals of postural control are postural 

orientation and postural stability (Horak; Horak & 

MacPherson, 1996).  

Postural orientation involves the active alignment of 

the trunk and head with respect to gravity, the support 

surface, the environment, and internal references (Horak, 

2006). The term posture is used to describe both the 

biomechanical alignment and the orientation of the body to 

the environment (Shumway-Cook & Woollacott, 2007). To 

maintain a vertical orientation, afferent input from the 

somatosensory, vestibular, and visual systems is organized 

with respect to the goal of the movement task and context 

of the environmental surroundings (Horak).  

Postural stability has been defined as the maintenance 

of an upright posture during quiet stance (Shumway-Cook & 

Woollacott, 2007). In quiet stance, the supporting portions 
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of the body (e.g., soles of the feet) must be stabilized to 

allow other body segments to oscillate (e.g., trunk; 

Shumway-Cook & Woollacott). Postural stability involves the 

coordination of movements to stabilize the center of mass 

(COM) within the limits of its base of support (BOS; 

Winter, 1990). The BOS is defined as the area of the body 

that is in contact with the support surface (Robertson, 

Caldwell, Hamill, Kamen, & Whittlesey, 2004), and the COM 

is defined as a point that is at the center of total body 

mass, determined by finding the weighted average of the COM 

of each body segment (Winter). The vertical projection of 

the COM is defined as the center of gravity (COG; Robertson 

et al., 2004). Researchers often speak of stability in 

terms of maintaining the COM relative to the BOS, but they 

are actually speaking about the COG (Shumway-Cook & 

Woollacott). In this dissertation, the COM is used when 

discussing stability.  

Postural stability is often measured by the amount 

body sway around an equilibrium point (Robertson et al., 

2004). This amount of body sway is referred to as the 

center of pressure (COP) and is defined as the center of 

the distribution of the total forces applied to the 

supporting surface (e.g., ground reaction force [GRF]) 

vectors (Robertson et al.). However, because the GRF 
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vectors do not act as a single point, the COP represents a 

weighted average of the forces applied diffusely over the 

contact area (Cavanaugh, Guskiewicz, & Stergiou, 2005). A 

trace of the COP depicts how the body sways continuously 

around the COG to keep it within the BOS (Shumway-Cook & 

Wollacott, 2007).  

Directional Stability 

The anatomy of the lower limbs, in particular the 

ankle joint, favors larger body sway in the AP direction, 

allowing for more directional stability than in the ML 

direction (Mochizuki, Duarte, Amadio, Zatsiorsky, & Latash, 

2006). Three control strategies have been suggested for 

maintaining postural stability in the AP direction: the 

ankle strategy (Nashner & McCollum, 1985), the hip strategy 

(Horak & Nashner, 1986), and the stepping strategy (McIlroy 

& Maki, 1993); while stability in the ML direction is 

maintained through a strategy similar to the hip strategy 

(Deniskina, Levik, & Gurfinkel, 2001). 

The three strategies involved in controlling motion in 

the AP direction were once thought to be mutually 

exclusive, but it is now believed that a combination of the 

strategies are needed to properly to control forward and 

backward sway. The strategies are believed to be organized 

in a “bottom-up” manner, activating ankle musculature prior 
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to the muscles of the hip (Shumway-Cook & Woollacott, 

2007). In contrast, lateral sway control strategies are 

organized in a “top-down” manner with hip musculature being 

activated prior to the muscles of the ankle (Shumway-Cook & 

Woollacott). Regardless of the strategy used, the central 

nervous system (CNS) needs to be adjustable when faced with 

perturbations to in order to maintain postural stability. 

Postural Adjustments 

Adjustments of postural control are necessary to 

maintain postural stability during any motor task. Postural 

adjustments are achieved by one of two major mechanisms: 

(1) anticipatory postural adjustments (APA), and (2) 

reactive postural adjustments (RPA; Horak, 2006). An APA 

(150 to 250 ms latency) is a voluntary movement in 

anticipation of a predictive disturbance (Palta, 1993).  

APAs are believed to occur through feed-forward mechanisms 

and are used to predict disturbances and produce 

preprogrammed responses to maintain stability by minimizing 

the effect of a destabilizing perturbation (Horak; Latash, 

2007). APAs are voluntary until learned, and then operated 

automatically by the CNS (Latash). Once an APA has been 

learned the CNS can use the adjustment strategy to predict 

possible perturbations associated with any given movement 

(Latash).  
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A RPA (80 ms latency) are movements or muscular 

responses following an unpredicted disturbance (Patla, 

Prentice, Robinson, & Neufeld, 1991). They occur through 

feedback mechanisms and are activated by afferent input 

from muscle and tendon proprioceptors after a loss of 

desirable posture as result of an external perturbation 

(Nashner, 1977). A RPA can be purposely induced in a 

rehabilitative setting with the idea of improving a 

response to a particular perturbation (e.g., the support 

surface; Nashner). A RPA can be innate (e.g., waving the 

arms to avoid a fall) while others have to be acquired 

through motor learning (e.g., increased joint rigidity). 

Both an APA and a RPA are believed to involve a 

postural reflex hierarchy that incorporates sensory input 

as well as postural body schema (i.e., an internal 

reference point for postural control by which upright 

posture is regulated). Vertical body orientation, APA, and 

RPA are all organized based on this internal representation 

(Amblard et al., 2001). It remains stable during 

gravitational changes even when visual, vestibular, and 

somatosensory inputs are significantly altered (Fisk, 

Lackner, & Dizio, 1993). Altering sensory input (e.g., 

virtual environment [VE]) can induce an APA and/or a RPA to 
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challenge the CNS as method to detect alterations in 

neurophysiological functioniong. 

Central Nervous System Structures 

The CNS is believed to regulate posture through the 

cerebral cortex, cerebellum, brainstem, and spinal cord 

(Horak, Henry, & Shumway-Cook, 1997; Maki & McIlroy, 1997). 

Damage to the cerebral cortex and the cerebellum are 

commonly associated with a MTBI that does not involve 

syncope, while damage to the brainstem and spinal cord is 

associated with syncope. However, none of the 

pathomechanics involving heading in soccer typically result 

in spinal cord damage. Acccordingly, the role of the spinal 

cord in postural control will not be included in this 

review. 

Cerebral Cortex 

The highest level of supraspinal postural control is 

the cerebral cortex. The cerebral cortex can be subdivided 

into several posture related areas: the prefrontal cortex 

(PFC), premotor cortex (PMC), supplementary motor area 

(SMA), primary motor cortex (M1), and posterior parietal 

cortex (PPC; Siegel, Sapru, & Siegel, 2005). Postural 

related cortical output projects to the brainstem, 

cerebellum, basal ganglia, and the spinal cord.  
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The PFC is the anterior part of the frontal lobes of 

the brain, lying in front of M1 and the PMC (Van De Graaff, 

1998). It receives input from sensory association cortex, 

parietal cortex, and basal ganglia and outputs to M1, the 

pontine nucleus, and cerebellum (Van De Graaff). The PFC is 

associated with an APA for the selection and evaluation of 

a particular posture as a conscious response to an external 

perturbation (Mihara et al., 2004). There is little data 

associating trauma to the PFC with postural control 

dysfunction. Direct impact to the anterior skull could 

impart acceleration forces to the PFC and possibly induce a 

coup injury. Lesion studies have indicated that damage to 

the PFC leads to postural control musculature weakness and 

spasticity as well as difficulty responding to external 

perturbation large enough to induce postural instability 

(Gerschlager, Siebner, & Rothwell, 2001). An indication of 

PFC damage would be an increase in the amount COM motion or 

COP sway when exposed to an external perturbation.  

The PMC is found in the frontal lobe just posterior to 

the PFC and anterior to M1 (Van De Graaff, 1998). It 

receives input from the PPC and cerebellum and projects to 

M1, the brainstem, and spinal cord (Van De Graaff).  

Imaging studies have shown that the PMC is involved in the 

integration of sensory input from the visual and 
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somatosensory systems (Macaluso, Frith, & Driver, 2002).  

The PMC is thought to play a role in motor responses (e.g, 

APA) of the limbs in response to environmental cues (Mitz, 

Godschalk, & Wise, 1991). Lesions to the PMC have been 

shown to induce spasticity or hypertonia in the proximal 

limb musculature (Laplane, Talirach, Meininger, Bancaud, & 

Boucharine, 1977). The PMC could be injured by a direct 

impact to the superior aspect (e.g., coup injury) or the 

anterior skull (e.g., diffuse injury). An indication of PMC 

damage would be an increase in either the amount COM motion 

or COP sway when exposed to discordant visual and 

somatosensory perturbations.  

The SMA is found in the frontal lobe anterior to M1 

and superior to the PMC (Van De Graaff, 1998). Its primary 

input is from the PFC and the globus pallidus (Akkal, Dum, 

& Strick, 2007). Projections from the SMA terminate in the 

ventral horn of the spinal cord (Dum & Strick, 1991). The 

SMA has been implicated in movements that are under 

internal control, such as the performance of a sequence of 

movements (e.g., APA) from memory to achieve a goal (e.g., 

maintain balance; Yoshida, Nakazawa, Shimizu, & Shimoyama, 

2008). A lesion to the SMA will almost abolish an APA to an 

external perturbation (Dick, Benecke, Rothwell, Day, & 

Marsden, 1986; Gentilucci et al., 2000). The SMA could also 
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be injured by a direct impact to the superior aspect or the 

anterior skull. An indication of PFC damage would be an 

increase in either the amount COM motion or COP sway when 

exposed an external perturbation.  

M1 is located in the frontal lobe along the precentral 

gyrus and the anterior paracentral lobule (Siegelet al., 

2005). It is thought to be the major point of convergence 

of cortical sensorimotor signals as well as the major point 

of departure of cortical signals, primarily to the spinal 

cord and brainstem nuclei (Dum & Strick, 1991).  

Researchers have suggested that M1 is the primary generator 

of APAs (Petersen, Rosenberg, Petersen, Nielsen, 2009). 

There is minimal data on postural control dysfunction and 

trauma to M1. To damage M1 it would take an impact to the 

superior or lateral frontal lobe. Data taken from TMS 

studies have shown that M1 is capable of exerting rapid 

regulation of ankle and hip musculature (Solopova et al., 

2003). Thus, if an injury occurred to M1 there would be 

observable increase in COM motion.  

The PPC is thought to play an important role in an APA 

through control of spatial processing functioning. It 

receives input from the visual, vestibular, and 

proprioceptive systems, integrates the input with respect 

to gravity, and then relays the information to the PFC 
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(Anderson & Buneo, 2002). The PPC is located in the 

parietal lobe just posterior to the somatosensory cortex. 

Damage to the PPC often leads to disorders in the 

representation of body-centered space (e.g., hemispatial 

neglect) with an ipsilateral lean of the COG during normal 

posture (Lafosse, Kerckhofs, Troch, Santens, & 

Vandenbussche, 2004). The PPC is rarely damaged through 

direct trauma; however, if an impact occurs to the superior 

portion of the forehead it is possible that a coup injury 

could occur due to deceleration forces. Damage to the PPC 

would manifest as a lean of the COG towards one side of the 

body represented by bias towards one side of the body in 

the COM, COP, or both.  

Cerebellum 

Focus on cerebellar concussion is limited as it is 

protected by the surrounding compact bone structures 

(Fumeya & Hideshima, 1994). It is also very unlikely that 

an acute bout of heading could damage the structure. 

Nevertheless, depending on the functional area that is 

damaged it can be speculated on what symptoms of a 

cerebellar concussion would be. 

The vestibulocerebellum refers to the posterior 

portion of the cerebellum, specifically the flocculonodular 

lobe (Widmaier, Raff, & Strang, 2007). It receives indirect 
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afferent input from the semicircular canals, otolith 

organs, and vestibular nuclei (Widmaier et al., 2007).  

Reciprocal projections then go back to the vestibular 

nuclei while others project to the spinal cord (Widmaier et 

al.).  The main function of the vestibulocerebellum is to 

mediate the visual suppression of vestibulo-ocular reflex 

and does not play a significant role in posture (Hotson, 

1984).  

The spinocerebellum, also known as the vermis, refers 

to the entire anterior lobe and medial posterior lobe of 

the cerebellum. It primarily receives ascending 

somatosensory input from the body; however, it also 

receives input from the auditory, visual, and vestibular 

systems (Widmaier et al., 2007). The spinocerebellum is 

involved in the tone and control of postural musculature 

(Widmaier et al.). It controls posture by coordinating body 

movements with respect to gravity and head movement in 

space as well as coordinating the timing necessary to keep 

the COG within the BOS to maintain balance (Diener, 

Dichgans, Guschlbauer, Bacj, & Langenbach, 1989; Horak & 

Diener, 1994). Lesions can result in a gross lack of 

postural musculature that is more pronounced in gait than 

in quiet stance (Blumenfeld, 2002).  
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The cerebrocerebellum (cerebellar hemispheres) 

receives the majority of its input from the sensory and 

motor cortices as well as the PMA and PPC (Widmaier et al., 

2007). The output is primarily directed to M1, SMA, and the 

red nucleus and does not play a large role in postural 

control (Widmaier et al.). Lesions result in difficulties 

in carrying out voluntary, planned movements (Blumenfeld, 

2002). 

Brainstem 

A MTBI is often associated with axonal and terminal 

degenerative changes in brainstem nuclei (Boll & Barth, 

1983). The brainstem is believed to be involved in both APA 

and RPA (Horak et al., 1997; Maki & McIlroy, 1997). The 

brainstem structures that are typically associated with 

trauma are the vestibular nuclei and the reticular 

formation (Bigler, 2008).  

The vestibular nuclei receive sensory information from 

the otolith organs and the semicircular canals (Van de 

Graaff, 1998) as well as cortical input from the frontal, 

temporal, and parietal cortices. It is not known what 

action cortical input has on the vestibular nuclei; 

however, it has been reported that cortical stimulation 

influences spontaneous activity of vestibular neurons 

projecting to the spinal cord (Black, 1982). It has been 
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suggested that descending cortical input is capable of 

modifying vestibulomotor reflexes, such as vestibular 

ocular reflex (Black). Vestibulomotor reflexes are also 

responsible for the production of eye movements to maintain 

visual fixation, posture adjustments, and postural muscle 

tone, all in response to head motion (Blumenfeld, 2002).  

The vestibular nuclei are somewhat protected by 

surrounding anatomical structures; however, a MTBI to 

cortical regions can adversely affect the vestibulomotor 

reflexes (Fukushima, 1997). It has been shown in the rat 

model that vestibulomotor reflexes are adversely affected 

after a severe traumatic brain injury (Hamm, 2001). 

However, it is unlikely that heading will damage the 

vestibular nuclei directly, but may adversely affect the 

vestibulomotor reflexes as any resulting neural damage will 

be to the cerebral cortex.  

The reticular formation is a complicated and not well 

defined network of neurons in the core of the brainstem 

extending from the rostal midbrain to the caudal medulla 

(Van De Graaff, 1998). A network of neurons referred to as 

the gigantocellular reticular formation is thought to play 

a role in voluntary head movement, orientation, and 

postural stability (Cowie & Robinson, 1994). Another 

network, the pontomedullary reticular formation, 
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contributes to regulation of posture through the control of 

both ipsilateral flexor and contralateral extensors muscles 

(Schepens, Stapley, & Drew, 2008). Lesions to the 

pontomedullary reticular formation have been shown to lead 

to an inability to maintain an upright posture during 

normal everyday activities (Schepens et al., 2008). 

It has been suggested that a concussive blow may 

disturb or depress the activity of the polysynaptic 

pathways within the reticular formation (Shaw, 2002).  

However, this hypothesis is associated with rotational 

trauma that results in syncope and is not typically 

associated with alterations in postural control. It is 

unlikely that an acute of bout of heading will damage the 

reticular formation as the experimental model controls for 

rotational trauma and a loss of consciousness is rarely, if 

ever, associated with soccer heading.   

Sensory Systems 

The main purpose of a sensory system is to provide 

information to the overall system regarding its own state 

and its environment via afferent pathways (Shumway-Cooke & 

Woollacott, 2007). The main types of sensory receptors 

involved in postural control are somatosensory, visual, and 

vestibular. 
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Somatosensory System  

Somatosensory information includes proprioceptive 

information from the muscles and joints, as well as 

exteroceptive information from the feet. Proprioceptive 

information comes from muscle spindles (type Ia and II), 

Golgi tendon organs (1b), and joint receptors (Payne & 

Issacs, 2002). Exteroceptive information comes from the 

pressoreceptors and mechanoreceptors found in the cutaneous 

and subcutaneous tissue (Payne & Issacs). The major types 

of cutaneous receptors are Meissner corpuscles and Merkel 

discs, located closest to the surface, and Ruffini endings 

and Pacinian corpuscles, located deeper in the skin 

(Latash, 2007).  

Joint capsule receptors and muscle spindles are both 

involved in kinesthesia. Receptors in the joint capsules 

provide information about joint movements, and the position 

of body parts that is available at the conscious level. 

Muscle spindles provide information about muscle tension 

and length (e.g., dynamic stretch) and can be activated by 

passive stretching.  The intrafusal fibers in the muscle 

spindles provide “non-conscious” kinesthesia information. 

They receive efferent input from γ-motor neurons to 

stimulate contraction of the intrafusal fibers to maintain 

spindle sensitivity even when muscles are in a relaxed 
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state. Pressoreceptors provide information about the 

direction of body sway and mechanoreceptors determine the 

site and velocity of skin indentation as well as changes in 

pressure and acceleration (Schimdt & Lee, 2003).  

It has been suggested that there are three main 

proprioceptive inputs for postural control during quiet 

stance (Siegel et al., 2005). First, input from the ankle 

joint, as it is the main location for movement of the COG 

and affected by the resultant torques. Second, input from 

the neck muscles provides information concerning movement 

of the head relative to the trunk (Keshner & Dhaher, 2008). 

Finally, input from eye muscles provides information 

concerning the location of the eye relative to the trunk 

(Siegel et al). However, it has been suggested that any 

part of the body in contact with a stable support surface 

can have a profound influence on postural control (Jeka & 

Nashner, 1994).  

Information from the somatosensory system can be used 

in a reactive feedback manner and in an anticipatory feed-

forward manner (Jeka & Nashner, 1994; Patla, Prentice, 

Robinson, & Neufeld, 1991). It has been shown that tactile 

information from the finger tips alone can drastically 

reduce postural sway (Lackner, Dizio, Jeka, Horak, Krebs, & 

Rabin, 1999). A perturbation to the finger tips is thought 
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to trigger a compensatory APA of the leg musculature (Jeka 

& Nashner). It has been speculated that the light touch of 

a finger may be as effective as vestibular input in the 

reduction of body sway (Jeka & Nashner).  

Visual System  

Vision is generally used to supplement information 

from the somatosensory system to maintain upright posture 

(Rose & Christina, 2006). Vision is the only sensory system 

that can provide both feedback and feed-forward information 

to the CNS for the control of posture (Patla et al., 

Neufeld, 1991). Vision acts as a feedback process through 

retinal slip whenever the environment moves relative to the 

eye. Vision can also act through feed-forward processes in 

response to an external perturbation in predetermined 

manner by altering the weight of the visual input to 

maintain postural control. Through both processes vision is 

able to measure the orientation of the eyes and head in 

relation to surrounding environment.  

Information is delivered from the retina to two 

different locations in the brain via the focal and ambient 

systems. The focal system involves nerve fibers from the 

macula that are directed to the foveal, parafoveal, and 

primary visual cortex (Siegel et al., 2005).  The ambient 

system involves nerve fibers from the peripheral retina 
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that are directed primarily to the PPC (Siegel et al.).  

The two pathways of information have been assumed to be 

specialized for different purposes: the focal system for 

object identification (what) and the ambient system for 

movement control (where; Schmidt & Lee, 1998).  

Postural control is strongly dependent upon visual 

input, and there is a large increase in body sway during 

quiet stance when vision is removed. Vision is often 

removed or manipulated in experiments to overload or stress 

the other sensory systems to enhance motor function or test 

for the existence of neurophysiological deficits (Black, 

1985). Early researchers simply removed vision to challenge 

the CNS; however, more modern investigators used moving 

visual fields which have been reported to result in more 

postural instability (Nashner & Berthoz, 1978). Subsequent 

researchers have reported that visual input that conflicts 

with other sensory input can have a rapid and profound 

effect on postural responses, more so than simply removing 

vision (Keshner, Kenyon, & Langston, 2004). 

Vestibular System 

The vestibular system provides information to the CNS 

regarding head position relative to the direction of the 

field of gravity as well as sudden changes in the head 

movement (Baloh & Honrubia, 1979). Vestibular input helps 
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to stabilize the eyes and maintain postural stability 

during both dynamic and static stance. The vestibular 

system can be broken down by function.  

The dynamic function of the vestibular system is 

mediated by the receptors in the semicircular canals.  

These receptors provide information about angular rotation, 

to allow tracking of the head angular acceleration in space 

(Baloh & Honrubia, 1979). They respond sensitively to 

angular velocity frequencies from 0.2 to 10.0 Hz and are 

active at the beginning and end of movements (Baloh & 

Honrubia). The canals provide information to the vestibulo-

ocular and vestibulo-spinal reflexes. The vestibulo-ocular 

reflex stabilizes vision by producing eye movements in the 

opposite direction as the head rotates, while the 

vestibulo-spinal reflex stabilizes the head relative to 

body movement (Baloh & Honrubia).  

The static function of the vestibular system is 

mediated by the utricle and saccule (i.e., the otoliths 

organs). The otolith organs operate at frequencies less 

than 5 Hz and respond to linear acceleration and changes in 

tilt orientation relative to gravity. They are important in 

control of posture as they provide pertinent information 

necessary to determine the absolute position of the head 

(Baloh & Honrubia, 1979).  
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The vestibular system provides an absolute reference 

system for the other sensory systems to be compared and 

calibrated against (Black, 1985). The vestibular system 

plays an important role in situations of somatosensory and 

visual system conflict. In addition, vestibular inputs 

contribute to the amplitude of automatic postural responses 

to external perturbations (Baloh & Honrubia, 1979). 

Sensory Organization 

Postural control involves the integration of sensory 

input from the somatosensory, visual, and vestibular 

systems (Oie, Kiemel, & Jeka, 2002). It has been suggested 

that sensory input is integrated by the CNS in the PPC to 

create a complex representation of posture (Pellijeff, 

Bonilha, Morgan, McKenzie, & Jackson, 2006). Exactly how 

multiple inputs are integrated into a single percept of 

postural orientation is still an area of considerable 

research interest; however, there are two schools of 

thought on how the process occurs: the intermodal theory 

and the sensory weighting hypothesis. 

The intermodal theory incorporates an ecological 

approach to describe how sensory information is used for 

postural control (Stoffregen & Riccio, 1988). This theory 

is based on patterns of stimulation across sensory systems 

and the lawful relationship between the stimulation and the 
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environment (Stoffregen & Riccio). The lawful relationships 

are referred to as invariants and are properties of 

environmental events rather than neurophysiological 

convergence (Stroffregen & Riccio). Certain invariants are 

detected across the various sensory systems and are termed 

multimodal invariants. Multimodal invariants are thought to 

increase the specificity of perception and control. 

Information from invariants is thought to be an emergent 

property of sensory input rather than a weighting of 

sensory input. Intermodal invariants become important as 

environmental conditions and actions become more complex 

(Stoffregen & Riccio). For example, when one walks in the 

sand there is intermodal covariance of that specifies 

constant changes in postural orientation (both sway and 

translation) and the support surface.  

The sensory weighting theory suggests that the CNS is 

able to dynamically weight sensory input from the 

somatosensory, visual, and vestibular systems to determine 

and maintain postural control under various sensory 

conditions (Oie et al., 2002). This dynamic re-weighting 

provides each sense a unique weight, and the weights are 

summed to produce a response (Peterka, 2002). The weight of 

the sensory system is dependent on the environmental 

conditions and the reliability of the sensory orientation 
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and movement information (Peterka & Loughlin, 2004).  A 

feedback control model has been developed to explain the 

hypothesis. In the model, orientation and movement 

information from each sense is weighted in a negative 

feedback control strategy, with decreased reliance on the 

sensory input that is unreliable (Peterka). If a sensory 

input is deemed unreliable, it can be expected that other 

more reliable sensory input become more heavily weighted 

(Peterka; Peterka & Loughlin).  

This dissertation is based on previous research that 

supports the sensory weighting theory (Nashner, 1976). This 

research suggests that there is a hierarchal weighting of 

sensory input based on the reliability or accuracy of the 

information regarding body orientation. Due to the 

redundancy of sensory input available for postural control, 

the CNS can place the most weight the sense that provides 

accurate information. The proposed postural assessment Part 

III of this dissertation requires normal neurophysiological 

functioning of the sensory integration process necessary 

for this process through the manipulation of sensory 

conditions. The assessment cannot test for the invariants 

between the sensory conditions and the participant. 
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Clinical Assessment of Posture 

Unlike a typical musculoskeletal injury, it is not 

possible to observe the principal signs of inflammation or 

conduct joint laxity tests and manual muscle tests when 

assessing a MTBI (Guskiewicz, 2001). To assist in the 

assessment of the presence of a MTBI, a multifaceted 

approach including signs and symptoms, neuropsychological, 

and postural assessments are recommended (Guskiewicz et 

al., 2004). 

Formal neuropsychological testing (i.e., paper and 

pencil testing) is often used to measure levels of 

cognitive impairment and used to make a return to play 

decision (Guskiewicz; Guskiewicz et al., 2004). However, 

even when neuropsychological impairments are not 

detectable, an injured athlete may experience alterations 

in motor function such as muscle weakness, sensory 

integration impairment, and/or diminished joint range of 

motion (Guskiewicz, 2001; Pickett, Radfar-Baublitz, 

McDonald, Walker, & Cifu, 2007). It has been suggested that 

neuropsychological testing be either supplemented or 

replaced with a postural control assessment (Broglio & 

Puetz, 2008). However, traditional postural assessments 

(e.g., Romberg test) have been suggested to be an 

insensitive method for the detection of a sports-related 
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MTBI (Guskiewicz, 2001). Researchers have recently begun to 

manipulate sensory input to increase the sensitivity of a 

postural assessment to make a more informed return to play 

decision (Broglio & Puetz; Guskiewicz).  

Otoneurological and Neurological Tests 

Standard otoneurological and neurological testing are 

thought to be too insensitive to detect alterations in 

postural control. This insensitivity becomes an issue when 

the relationship between specific pathologies and the 

resulting balance deficits is not known (Allum & Shepard, 

1999). There is often no way to distinguish between sensory 

contributions to postural control without simulating a 

balance deficit (Allum & Shepard). Typically, clinicians 

use the Romberg test to distinguish the contributions of 

each afferent input (Allum & Shepard). 

Romberg Test 

Historically, postural steadiness is assessed through 

the ability to maintain quiet stance with the feet together 

and eyes closed for 1 min (Guskiewicz, 2001). This test, 

referred to as the Romberg test, was introduced in 1853 by 

Mortiz Heinrich Romberg as a mean to evaluate somatosensory 

impairment (Rogers, 1980). For years the Romberg has been 

used as an on-field test for a MTBI, however recent 

literature has questioned the sensitivity of this test. To 
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increase its sensitivity variations have been created that 

require an athlete to stand as still as possible on 

different bases of support (single or double-limb stance) 

and under different sensory (eyes open vs. eyes closed) 

conditions (Guskiewicz). Even with multiple sensory 

conditions the variations are not objective or quantifiable 

and should not be used to make return to play decisions 

(Thompson, Sebastianelli, & Slobounov, 2005).  

Clinical Test of Sensory Interaction and Balance 

The Clinical Test of Sensory Interaction and Balance 

(CTSIB) is a quantifiable variation of the classic Romberg 

that was developed to systematically test the influence of 

afferent input on postural control (Cohen, Blatchly, & 

Gombash, 1993). There are a total of six 30 s trials, each 

performed under a different sensory condition. Conditions 

1, 2, and 3 involve standing on the floor with the eyes 

open, the eyes closed, and while wearing a head-fixed 

visual conflict dome, respectively. The dome provides a 

visual/vestibular conflict by depriving the participant of 

peripheral vision and introducing sway-referenced visual 

input. Conditions 4, 5, and 6 are the same as conditions 1 

to 3, but with the participant standing on medium density 

foam to reduce the reliability of somatosensory input. For 
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each condition, the length of time the participant can 

maintain standing is used as a balance score.  

The test is inexpensive and requires minimal equipment 

(Cohen et al., 1993). Two studies have used the CTSIB as a 

sports-related MTBI assessment. One study reported the 

CTSIB was able to detect alterations in postural control, 

but the participation population was patients with 

concussion associated with syncope (Ingersoll & Armstrong, 

1992). The second study reported that the CTSIB was not 

able to detect alterations in postural control following a 

bout of repetitive soccer heading (Broglio et al., 2004). 

Taken together these results suggest that the CTSIB is a 

potentially sensitive measure to determine postural 

instability from more severe concussion, but not for mild 

concussion. 

Balance Error Scoring System 

The Balance Error Scoring System (BESS) is another 

extension of the Romberg test and was developed as a more 

quantifiable method of evaluating postural stability 

(Riemann & Guskiewicz, 2000). The BESS manipulates sensory 

input by requiring participants to stand with their eyes 

closed and their hands on their iliac crests. Participants 

must remain as motionless as possible for 20 s, under three 

different stance conditions (double-leg support, single-leg 
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support and tandem stance), on two different support 

surfaces (one firm surface and one medium-density foam) for 

a total of six trials. During the single-leg trials the 

participants are asked to stand on their dominant leg and 

maintain 20 to 30 degs of hip flexion with 40 to 50 degs of 

knee flexion.  

Performance is scored by assigning one error point for 

each error committed (Riemann & Guskiewicz, 2000). The 

description of what qualifies an error has been previously 

reported Trials are incomplete if the participant is unable 

to sustain the stance for longer than 5 s during the 20 s 

test. The BESS has been shown to be highly correlated with 

objective force plate sway measures and to be sensitive to 

increases in postural sway in athletes with MTBI 

(Guskiewicz, Ross, & Marshall, 2001; McCrea et al., 2003). 

However, the BESS is not an objective measure and can be 

extremely subjective depending on the clinician. To date, 

the BESS has not used to assess alterations in postural 

control after soccer heading. 

Advanced Postural Assessments 

Computerized Posturography 

Technological advances (e.g., computerized 

posturography) have taken the aforementioned variations of 

the classic Romberg test one step further and provided 
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objective and quantifiable measures for evaluating posture 

control (Black & Paloski, 1998). Computerized posturography 

uses a force plate to record the COP over time (Robertson 

et al., 2004). Computerized posturography can be static 

(i.e., quiet stance), with no external sensory stimulation, 

or dynamic, with a perturbing external sensory stimulation 

(Tossavainen et al., 2006). Computerized dynamic 

posturography (CDP) incorporates more robust sensory 

perturbations and is considered to be a more sensitive 

postural assessment method than static posturography (Allum 

& Shepard, 1999). CDP allows for the assessment of the 

motor and sensory components of postural control and the 

quantification of the participants ability to use 

vestibular, visual, and somatosensory information to 

maintain upright posture (Black, 2001). Depending on the 

interaction between the senses, the task of regaining 

upright posture is performed either with a balance-

correcting response or a balance-stabilizing response 

(Diener, Horak, & Nashner, 1988).   

Balance-correcting Responses 

Balance-correcting responses are rapid responses 

elicited by a stimulus in the AP direction created by a 

rotation or a posterior translation of the support surface 

(Allum & Shepard, 1999). A rapid rotation creates a 
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dorsiflexion of the ankles and has been used for the 

detection of neural deficits (Diener, Bootz, Dichgans, & 

Bruzek, 1983). Researchers have posterior translation of 

the support surface to investigate the scaling of a motor 

response to an external perbuation (Nashner, 1977). 

Combinations of both tests can be used to create more 

robust sensory conflicts; however, they are limited to 

assessing the contribution of the vestibular and 

proprioceptive systems as there is no visual component to 

either test. To date, neither technique has been used to 

assess alterations in postural control due to a MTBI or 

heading-related injury. 

Balance-stabilizing Responses 

Balance-stabilizing responses are slow volitional and 

purposeful movements of the body that maintain the COM 

within the BOS. Such responses may be examined after the 

rapid balance-correcting responses terminate or by using 

slower movements of the support surface and visual 

environment (Allum & Shepard, 1999). Nashner and Peteres 

(1990) developed a technique that elicits balance-

stabilizing responses under various sensory conditions 

(e.g., modified Romberg). This technique has been termed 

the Sensory Organization Test (SOT; Neurocom International, 

1990). The SOT involves six different sensory conditions 
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that are combinations of the visual input and support 

surface manipulations. Visual input can be normal, removed, 

or sway-referenced. Each visual condition is then paired 

with a normal support surface or a sway-referenced support 

surface. In the sway-referenced conditions, sensory input 

is not consistent with sensory input that is not sway-

referenced, creating a sensory conflict. The score obtained 

from the SOT is a percentage score that represents the 

magnitude of body sway in the AP direction.  

The SOT has been used to assess postural stability in 

athletes with MTBI. Using the SOT researchers were able to 

detect alterations in postural control for up to 3 to 10 

days (Guskiewicz, 2003; Guskiewicz, Riemann, Perrin, & 

Nashner, 1997; Guskiewicz, Ross et al., 2001). The SOT has 

shown that an acute bout of soccer heading, however did not 

result in postural control alterations (Mangus et al., 

2004). It is possible that the SOT may not be a sensitive 

enough measure to detect postural control dysfunction due 

to heading. Perhaps, a more robust visual perturbation such 

as a VE is necessary to detect heading-related alterations 

in postural control. 

Virtual Environments 

The SOT has been shown to be the most sensitive in 

assessing postural control during conditions when vision is 
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removed (e.g., eyes closed; Thompson, Sebastianelli, & 

Slobounov, 2005). This is not surprising since postural 

control incorporates the sense of vision, optic flow, and 

visual field motion (Borger, Whitney, Redfern, & Furman, 

1999; Keshner & Kenyon, 2000). A VE has been shown to 

create robust visual perturbations that can be 

destabilizing to the postural control system. The use of a 

VE as a visual stimulation in postural control has been 

suggested to be an effective tool for research and 

rehabilitation (Keshner, Dokka, & Kenyon, 2006; Keshner & 

Kenyon; Kenyon, Leigh, & Keshner, 2004).   

It has been estabished that a moving visual scene can 

induce a sense of self-motion (e.g., vection; Warren, 

1976). Vection can occur in response to optic flow and 

visual field motion in the absence of any actual egomotion 

(i.e., actual body motion of the individual). Egomotion is 

defined as “any environmental displacement of the observer” 

with regard to visual scene motion (Warren, 1976). The use 

of a VE to induce both egomotion and vection is well 

documented (Keshner & Kenyon, 2000; Wright, DiZio, & 

Lackner, 2006).   

Studies have been performed on the effects of a VE on 

postural control in healthy children, healthy adult 

participants, healthy elderly participants, patients with 
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labyrinth deficiency, and stroke victims (Borger et al., 

1999; Lee, Cherng & Lin, 2004; Haran & Keshner, 2008; 

Keshner et al., 2006). Recent research has shown that a VE 

is an effective technique to detect postural control 

dysfunction in concussed athletes (Slobounov, Slobounov, & 

Newell, 2006). Postural control was shown to be altered in 

concussed athletes for up to 30 days post injury after the 

athletes were all considered to be asymptomatic based on 

neurological and, neuropsychological testing (Slobounov, 

Sebastinelli, & Moss, 2006; Slobounov, Slobounov, & Newell, 

2006; Slobounov, Tutwiler, Sebastinelli, & Slobounov, 

2006). The authors suggest that the athletes who 

prematurely return to play solely based on clinical symptom 

resolution may be highly susceptible to future and possibly 

more severe brain injuries (Slobounov, Slobounov, 

Sebastenelli, Cao, & Newell  2007; Slobounov et al., 2006). 

This indicates that postural assessments involving a VE may 

be a more sensitive method to detect the presence of CNS 

injury. 

Approximate Entropy 

Regardless of the testing method used to assess 

postural control, individuals who are more stable are 

typically assumed to be able to stand with less postural 

sway (decreased COP motion) about a central equilibrium 
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point. Optimal postural control is believed to be 

represented by less movement or error about the 

aforementioned equilibrium point (Cavanaugh, Guskiewicz, & 

Stergiou, 2005). However, this assumption may be 

fundamentally flawed as numerous studies in the last decade 

have shown that the COP variability during quiet stance is 

not a result of random error (Duarte & Zatsiorsky, 2000; 

Myklebust, Preito, & Myklebust, 1995; Sasaki et al., 2001). 

Nonlinear measures have been reported to detect alterations 

in COP oscillations that are erratic and irregular 

containing a “hidden structure” that is only observable 

over time and possibly the result of the interactions 

between sensory systems (Hausdorff, Zemany, Peng, & 

Goldberger, 1999). 

Traditional measures of variability (e.g., root mean 

square) are not able to quantify the sensitivity of the 

neuromuscular control system to a sensory perturbation.  

Time normalization processes tend to “stretch” or “pull” 

data by averaging data points and ignoring point-to-point 

fluctuations and consider these variations to be noise. As 

a result, important information in how the COP changes over 

time can be lost (Hausdorff et al., 1999). Nonlinear 

methods focus on such temporal variations over time. 

Nonlinear methods can be used to determine the nature of 
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variability and whether variability is due to biological 

noise or if it is deterministically inherent.    

Nonlinear methods are based on the structural 

characteristics of a time series that is embedded in an 

appropriately constructed state space. An appropriate state 

space is a vector space where the dynamical system (i.e., a 

time series) can be defined at any particular point 

(Kennel, Brown, & Abarbanel, 1992). To obtain accurate non-

linear calculations the number of embedding dimensions in 

the time series must be calculated. The embedded dimension 

represents the number of dimensions needed to unfold the 

structure of a particular times series. Embedding 

dimensions are calculated using a global-false-nearest-

neighbor analysis, which describes the minimum number of 

dimensions required to form a valid state space from a time 

series (Kennel et al., 1992). Once the embedded dimension 

has been calculated, a variety of nonlinear techniques can 

be used to determine the amount of variability in the time 

series.   

ApEn is a nonlinear measure that quantifies the 

ensemble amount of randomness, or irregularity, of a time 

series (Pincus, 1991). ApEn measures logarithmic 

probability that a set of data points of m length will 

remain r distance apart on subsequent comparisons of a data 
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set of N length (Pincus). The lower the ApEn value, the 

greater the likelihood of the points remaining the same 

distance apart, conversely the higher the degree of 

regularity indicates less variation in a time series. The 

higher the value, the less regular and more complex a time 

series is, indicating that there is more variation within 

the system. ApEn values range from 0 to 2, with values 

closer to 2 indicating a more complex system and those 

closer to 0 indicating a more predictable system (Pincus). 

ApEn has been used for data sets ranging from 50 to 5,000 

and shown to produce stable values (Pincus).   

Researchers use ApEn to answer questions related to 

human behavior and believe that changes in complexity 

reflect a loss or impairment of functional components 

and/or an altered nonlinear coupling between components 

(Vaillancourt & Newell, 2002). Using ApEn researchers have 

shown that there is a change in complexity of human motion 

as we age (Vaillancourt & Newell). The very young and the 

elderly control the body’s degrees of freedom quite rigidly 

to maintain stability (Sabatini, 2000). Healthy adults have 

more flexible, variable, and adaptable motor patterns as 

they have greater control of their degrees of freedom and 

exhibit higher levels of complexity in their motor 

patterns. ApEn has been applied to various questions 
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related to postural control by calculating the complexity 

of the time series. 

ApEn has been suggested to be an appropriate measure 

to determine changes in variability due to MTBI (Cavanaugh, 

Guskiewicz, & Stergiou, 2005). ApEn analyses have been 

employed to reveal subtle postural control system 

alterations after a MTBI, despite other, traditional 

analysis methods showing that postural control had returned 

to a baseline (Cavanaugh et al., 2006; Cavanaugh, 

Guskiewicz, Giuliani et al., 2005). The alterations lasted 

beyond the normal reported range of 3 to 5 days and ML sway 

remained altered an additional 4 days post-injury 

(Cavanaugh, Guskiewicz, Giuliani et al., 2005). It has been 

speculated that greater predictability in the body sway may 

be indicative of reduced adaptability of postural control 

system in athletes experiencing MTBI (Cavanaugh et al., 

2006; Cavanaugh, Guskiewicz, Giuliani et al., 2005). 

Summary 

Based on the mechanics of soccer heading, the anatomy 

of the CNS postural control structures, the epidemiology of 

neurophysiological deficits associated with soccer 

participation, and the advances in postural assessment 

methodology (e.g., VE and ApEn), further research into the 

effects of soccer heading is warranted. 
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CHAPTER 2 

EFFECTS OF AN ACUTE BOUT OF SOCCER HEADING 

ON POSTURAL CONTROL 

Introduction 
 

The cumulative effect of soccer headers over a playing 

career may result in chronic neurological damage (Autti, 

Sipila, Autti, & Salonen, 1997; Rutherford, Stephens, & 

Potter, 2003; Sortland & Tysvaer, 1989). Each individual 

header may create a “microtrauma” (Jordan et al., 1996) or 

“subconcussive” head trauma (Erlanger, Kutner, Barth, & 

Barnes, 1999) with an effect similar to punches to the head 

in boxing (Erlanger et al., 1999). In fact, peak 

accelerations from linearly headed balls have been reported 

to be similar to linear head accelerations created by a 

punch to the head (Broglio et al., 2004). In addition, the 

numbers of impacts to the head over a career are similar in 

both sports. Unlike heading in soccer, the long-term 

consequences of boxing have been well reported and there is 

agreement in the literature that the “punch drunk” syndrome 

exists (Drew, Templer, Schuyler, Newell, & Cannon, 1986; 

Putukian et al., 2004).  

Several studies have investigated the effects of an 

acute bout of soccer heading on posture control to detect 

effects similar of a MTBI. The results have shown that 
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heading does not create alterations in postural control 

(Broglio et al., 2004; Kaminiski et al., 2007; Mangus et 

al., 2005; Schimdt et al., 2004). However, the studies may 

not have found alterations in postural control due to the 

lack of sensitivity in their analytical measures. The 

analytical measure in these studies was a traditional 

measure (e.g., root mean square) which has been suggested 

to be unable to quantify the sensitivity of the 

neuromuscular control system to external perturbations 

(Cavanaugh, Guskiewicz, & Stergiou, 2005).    

Researchers have recently applied alternative 

theoretical models from non-linear dynamics to obtain a 

more sensitive postural control measure. Rather than 

characterizing postural control as postural stability 

(measured as the amplitude of COP sway), these strategies 

focus on patterns of COP oscillations emerging in time. 

Recent evidence suggests that ApEn, a regularity statistic 

developed from non-linear dynamics, shows promise as a 

clinically applicable tool to assess alterations in 

postural control (Harbourne & Stergiou, 2003; Pincus, 1991; 

Stergiou, Harbourne, Cavanugh, 2006). It has been recently 

demonstrated that ApEn can be used to detect significant 

changes in the regularity of COP oscillations in collegiate 

athletes with a MTBI (Cavanaugh et al., 2006; Cavanaugh, 
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Guskiewicz, Giuliani et al., 2005). To date, no research 

has examined the effect of soccer heading on postural 

control using ApEn.  

Statement of the Purpose 

The purpose of this study was to examine the effect of 

linear heading on postural control using a controlled 

soccer heading model and ApEn, a sensitive analytical 

technique. 

Hypothesis 

A significant difference exists in center of pressure 

parameters between the control and the experimental group 

over time. 

Methods 

Research Design 

A randomized control group design with repeated 

measures was used in this pilot experiment. The independent 

variables were group (experimental vs. control), time (hr 

O, hr 1, hr 24, and hr 48), support surface condition 

(stationary vs. driven), and visual condition (eyes closed 

vs. eyes opened). The dependent variables were the ApEn of 

the ML and AP COP time series. ApEn values were calculated 

from each time series (see data reduction). 
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Participants 

Sixteen participants (experimental group n = 7, age = 

20.57 ± 0.79 yrs, height = 167.71 ± 11.04 cm, and body mass 

= 70.11 ± 13.06 kg; control group n = 9, age = 21.11 ± 1.45 

yrs, height = 172.78 ± 10.04 cm, and body mass = 74 ± 7.55 

kg) from the Philadelphia area volunteered for the study. 

Participants had to be on a soccer team and have at least 

five years of soccer heading experience. Participants were 

excluded from the study if they had a history of head, 

neck, or face injury in the past six months, or they wore 

teeth braces. Participants were paid for their 

participation and signed an informed consent and HIPAA 

forms approved by the Temple University IRB.  

Instrumentation 

Head Impact Model            

A reliable head impact model was used in the study to 

standardize the head impacts (Higgins et al., in-press). A 

JUGS soccer machine (JPS Sports International, Tualatin, 

OR) was used to simulate a kicked soccer ball. Balls were 

projected at 41 deg and traveled 11 m at a velocity of 11.2 

m/s (25 mph). Participants were instructed to stand 10 m 

from the JUGS machine and directed to head the ball back in 

the air to the JUGS machine. 
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Postural Stability Assessment. 

A modified version of the Sensory Organization Test 

was used to systematically manipulate various combinations 

of visual, vestibular, and somatosensory stimulation in six 

sensory conditions (NeuroCom International, Inc., 

Clackamas, OR). Postural stability was assessed using two 

embedded force plates within a dynamic platform (NeuroCom, 

Inc., Clackamas, OR) to collect COP coordinates. The 

support surface can tilt 10 deg in either direction about a 

ML axis. In addition, the support surface can translate 20 

mm in both the AP and ML directions. Support surface 

translation was created using commercially available 

software (Neurocom, Inc., Clackamas, OR).  

For each assessment, participants stood still on the 

platform with their arms relaxed at their sides, looking 

straight ahead, without reaching out to touch the visual 

surround or taking a step. Foot placement was standardized 

based on participant height, according to manufacturer 

guidelines. The assessment consisted of twelve 30 s trials. 

Six of the trials were performed with the eyes open and six 

were performed with the eyes closed.  

For both visual conditions three trials were performed 

with a still support surface (stationary condition) and 

three were performed with an unsteady support surface 
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(driven condition). For both conditions participants were 

instructed to stand as still as possible for the duration 

of the trial. For the driven condition the support surface 

tilted 10 deg in the ML axis at 0.25 Hz and translated in 

both the AP and lateral direction at 0.2 Hz in each 

direction. Before each trial, a spotter was placed on the 

platform to ensure participant safety.  

  Procedures 

The experiment consisted of four data collection 

periods: hr 0, hr 1, hr 24, and hr 48.  Prior to the soccer 

heading, baseline (hr 0) force plate data were collected. 

Participants were randomly assigned to the control or 

experimental group. The experimental group performed 10 

standing headers of soccer balls projected at 11.2 m/s 

within a 10 min span of time. The control group performed 

10 simulated headers (i.e., no contact with the ball).  The 

participants then completed the postural stability 

assessment at hr 1, hr 24, and hr 48 post heading.  

Data Reduction and Analysis 

Approximate Entropy 

The ApEn algorithm quantifies randomness by 

determining the extent to which short sequences of data 

points are repeated in a time series. More precisely, the 

ApEn algorithm calculates the logarithmic probability that 
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a specific number of data points (i.e., pattern length) are 

close (i.e., within a tolerance window) for a specified 

time series (i.e., input data points).  

Prior to the ApEn calculation, which is often 

identified as ApEn(m,r,N), three variables must be defined: 

(1) the number of input data points N u(1),u(2),...,u(N); 

(2) the pattern length m; and (3) a tolerance window r.  

After the variables have been defined a four-step 

calculation is run. The first step is to form vector 

sequences x(1) through  x(N - m - 1). The second step is to 

define the distance d [x(i),x(j)] between vectors x(i) and 

x(j) as the largest difference in their respective scalar 

components.  The third and final step is to use the vector 

sequences x(1) through x(N - m - 1) to create (for each i ≤ 

N –m + 1). 

 

Ci
m(r)=(number of x(j) such that d[x(i),x(j)]≤r/(N − m 

+1))(1) 

 

The Ci
m(r) values measure (within the tolerance r) the 

regularity of patterns similar to a given pattern of window 

length m. The fourth step is to define Φm(r) as the average 

value of the natural logarithm. Thus, ApEn is defined as 
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ApEn(m,r,N) = Φm(r) - Φm+1 (r) (2) 

  

Smaller ApEn values indicate a higher probability of 

regularly repeating sequences of m observations. An ApEn 

value of 0 (i.e., sine wave) corresponds to a time series 

that is perfectly repeatable. Smaller ApEn indicate an 

increase in regularity and a decrease in complexity. An 

ApEn value of 2 is produced by random time series (i.e., 

Gaussian noise) for which any repeating sequences of points 

occur by chance alone (Pincus, 1991). Larger ApEn values 

indicate a decrease in regularity and an increase in 

complexity. 

Using Matlab software (Mathworks, Natick, MA), ApEn 

values were calculated for the AP and ML components of the 

COP coordinate time series for each trial. Input parameters 

for the ApEn calculation were (1) m = 2 data points, (2) r 

= 0.2, and (3) a lag value of 10. The pattern length (m) 

and tolerance value (r) were selected based on previous 

work (Buzz & Ulrich, 2004; Cavanaugh et al., 2007; Haran & 

Keshner, 2008; Vallincourt & Newell, 2003; Stergiou, 2004). 

A lag value of 10 was selected to dictate that the ApEn 

calculation included every 10th point in the raw time 

series. This lag value was chosen to lower the effective 
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sampling frequency of the algorithm from 100 to 10 Hz, 

reducing the influence of extraneous noise in the data.  

As a necessary component of nonlinear dynamics 

methodology, a surrogation (e.g., phase randomization) 

procedure was used to verify that COP data were derived 

from a deterministic source (Miller, Kurz, & Stergiou, 

2006). Surrogate AP and ML time series were created in 

Matlab having identical means, standard deviations (SD) and 

power spectra to the original data but with randomly 

generated order (Theiler & Eubank 1992). ApEn values from 

the original data and their surrogated counterparts were 

compared using the Student t-test (p = .05). The procedure 

revealed that ApEn values for the original time series were 

significantly less than their respective surrogated 

counterparts, indicating that the original data were not 

randomly derived, and therefore, were deterministic in 

nature. 

Analysis of Variance 

Data were analyzed using descriptive and inferential 

statistics. Two 2 (group) x 4 (time) x 2 (visual condition) 

x 2 (support surface) ANOVAs were performed for the ApEn 

values in each direction (AP and ML). The level of 

significance was set at p = 0.05 for all calculations using 

a Bonferroni Adjustment (p = 0.025) as an analysis was 
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performed for two directions. All statistical analyses were 

conducted using SPSS (Chicago, Illinois, USA) version 15.0. 

Results 

All test statistics are presented in Appendix G.  

Means and (SD) for ApEn data over time are provided in 

Table 1. The two 2 (group) x 4 (time) x 2 (visual 

condition) x 2 (support surface) indicated no significant 

effects (p >.025) for the ApEn data.  

Discussion 

No significant difference existed in postural control 

parameters, suggesting that an acute bout of soccer heading 

does not adversely affect postural control. However, the 

power was extremely low and may have contributed to the 

lack of significance. The results agree with previous 

research that has shown soccer heading does not lead to  

neurophysiological damage similar to a MTBI, represented by 

alterations in postural control parameters (Broglio et al., 

2004; Kaminski et al., 2007; Mangus et al., 2004; Schimdt 

et al., 2004). There are several interesting observable 

trends in the ML data. First, ApEn values for the control 

group in the driven platform condition increased from 

baseline across both visual conditions (especially, for the 

eyes closed condition), while the experimental group values 

decreased at hr 24 and hr 48 for both visual conditions.   
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Table 1  
 

Descriptive Characteristics of the Pilot Experiment Data 

for the Approximate Entropy of the Center of Pressure  
 

   AP ML 

H PC VC Control Experimental Control Experimental 

0 DP EO 1.69 (.13) 1.57 (.21) 1.82 (.12) 1.69 (.23) 

  EC 1.60 (.23) 1.51 (.18) 1.68 (.22) 1.66(.18) 

 SP EO 1.22 (.21) 1.12 (.30) 1.47 (.26) 1.38 (.30) 

  EC 1.28 (.19) 1.13 (.23) 1.43 (.21) 1.28 (.26) 

1 DP EO 1.67 (.17) 1.56 (.17) 1.82 (.15) 1.72 (.16) 

  EC 1.58 (.26) 1.51 (.15) 1.81 (.16) 1.71 (.19) 

 SP EO 1.49 (.17) 1.39 (.26) 1.20 (.18) 1.24 (.22) 

  EC 1.51 (.15) 1.39 (.20) 1.28 (.28) 1.23 (.21) 

24 DP EO 1.69 (.19) 1.51 (.20) 1.84 (.15) 1.67 (.19) 

  EC 1.61 (.18) 1.50 (.20) 1.82 (.18) 1.62 (.20) 

 SP EO 1.56 (.13) 1.36 (.28) 1.37 (.19) 1.17 (.27) 

  EC 1.58 (.11) 1.41 (.27) 1.38 (.18) 1.20 (.20) 

48 DP EO 1.75 (.12) 1.59 (.14) 1.88 (.13) 1.70 (.16) 

  EC 1.65 (.19) 1.56 (.23) 1.83 (.19) 1.66 (.19) 

 SP EO 1.57 (.15) 1.39 (.26) 1.38 (.18) 1.16 (.25) 

  EC 1.51 (.20) 1.39 (.19) 1.28 (.34) 1.24 (.23) 

 
Note. Values are mean (SD). Control (N = 7) and Experimental (N = 9). 
Note. H is equal to the postural assessment hour. DP is the driven 
platform. SP is the SP platform. PC is the platform condition. VC is 
the visual condition. EO is the eyes open condition. EC is the eyes 
closed condition. * = significant differences from the control group at 
p = .05/2 = .025.  
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Second, ApEn values for the control group in the stationary 

platform condition decreased from baseline across all 

visual conditions, while the experimental group values 

increased across both visual conditions, except for hour 

48.    

ApEn has been suggested to be a more appropriate 

measure to assess the subtle effects of a MTBI than 

traditional metrics such as amplitude of body sway 

(Cavanaugh, Guskiewicz, & Stergiou, 2005). Traditional 

metrics are thought not to have the required sensitivity 

for detecting subtle, yet important alterations in the 

variability of postural control oscillations (Bodfish, 

Parker, Lewis, Sprague, & Newell, 2001; Cavanaugh, 

Guskiewicz, & Stergiou, 2005; Harbourne & Stergiou, 2003). 

Previous research has shown that ApEn can detect postural 

control alterations in athletes experiencing a MTBI who 

appeared to have “normal” postural control according to 

traditional metrics (Cavanaugh et al., 2006; Cavanaugh, 

Guskiewicz, Giuliani et al., 2005). It has been suggested 

that lower ApEn values in an injured athlete may represent 

impaired higher level brain functioning due to disrupted 

neural interconnections (Cavanaugh, Guskiewicz, & Stergiou, 

2005).  
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This interpretation is based on a dynamical systems 

perspective, according to which the output of a complex 

control system (e.g., the CNS, specifically the postural 

control system) is governed by interactions among the 

control system components. Thus, a less complex postural 

control response (lower ApEn) may reflect decreases in 

neural interconnections within and between the basal 

ganglia (caudate nucleus, putamen, and globus pallidus) and 

the cerebellum. As a result, these regions of the brain may 

become less coupled to one another and increase the 

regularity of cortical oscillations, affecting the 

resulting motor cortex efferent signal used to control the 

postural control musculature (Stergiou, 2004). COP time 

series parameters have been suggested to be viewed as an 

output signal of the entire postural control system 

(Cavanaugh, Guskiewicz, & Stergiou, 2005). 

Previous research has demonstrated that there is a 

loss of complexity of the COP time series due to aging, 

disease, and MTBI (Cavanaugh, Guskiewicz, & Stergiou, 2005; 

Slifkin & Newell, 1998). Losses of complexity have been 

shown to be the largest during sensory conflict situations 

and are thought to be caused by sensory integration 

difficulties (Guskiewicz et al., 1997; Ingersoll & 

Armstrong, 1992). The trends in our data provided evidence 
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that soccer heading may lead to losses of complexity during 

specific challenging sensory conditions. The experimental 

group showed a decrease in complexity post-heading, which 

slowly subsided; while the control group had a consistent 

increase in complexity after the baseline measure, possibly 

due to a learning effect. Based on the dynamic system 

perspective, it can be assumed that the appropriate 

response to a sensory conflict situation is a more complex 

motor output which is required to maintain normal posture. 

However, the experimental group may have had losses of 

complexity resulting from sensory integration difficulties 

due to alterations in neurophysiological functioning 

(Cavanaugh et al., 2007) induced by the acute bout of 

soccer heading. 

An acute bout of soccer heading may alter 

neurophysiological function due to some level of diffuse 

axonal injury, resulting from trauma to neurons or 

secondary metabolic sequelae that may alter interactions 

among the aforementioned neuronal interconnections in the 

brain, creating sensory integration difficulties (Cavanaugh 

et al., 2006). The symptoms of a concussion have been 

compared to those of minor epilepsy, where patterns of 

cortical activity (e.g., electroencephalogram) become more 

regular (Shaw, 2002). Because electroencephalogram patterns 
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are known to be reflected in patterns of electrical signals 

descending to the periphery, it is plausible that the loss 

of randomness (increased regularity) in patterns of COP 

oscillation after a concussion-like injury induced by an 

acute bout of soccer heading may reflect abnormal changes 

in cortical activity. 

Conclusion 

No statistically significant changes in a sensitive 

postural control measure occurred in participants following 

multiple soccer headers with a ball velocity of 11.2 m/s.  

These results agree with previous literature that an acute 

bout of soccer heading does not result in any significant 

postural control alterations. However, trends in the data 

may suggest that an acute bout of soccer heading may indeed 

induce some change in neurophysiological functioning.  

These trends may have become apparent due the use of ApEn, 

which is a more sensitive analytical measure of subtle 

alterations in postural control post heading. Future 

research should include a VE to alter the ambient visual 

field motion as it has been shown to enable the more 

sensitive detection of postural deficits in concussed 

athletes (Slobounov et al., 2007; Slobounov, Slobounov, 

Sebastianelli et al., 2006; Slobounov, Slobounov, & Newell, 

2006).  
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CHAPTER 3 

ALTERATIONS IN POSTURAL CONTROL 

FOLLOWING AN ACUTE BOUT OF SOCCER HEADING 

Introduction 
 

Soccer is unique in sports as the unprotected forehead 

is actively impacted to redirect the ball during play. It 

is referred to as a “header” and is thought to expose the 

brain to repetitive “subconcussive” trauma from the rapid 

acceleration, deceleration, and rotation of the skull post 

ball impact (Erlanger et al., 1999). A header is difficult 

to perform and requires precise timing of the neck 

musculature just prior to impact to control the loading of 

the head. Heading is normally taught in early adolescence 

(e.g., 12); however, younger players spend time practicing 

it erroneously. Even if proper technique is known a header 

can be complicated by other physical activities (e.g., 

running or jumping), external factors (e.g., other 

players), and environmental conditions (e.g., a muddy 

pitch).  

There is currently a “heading debate” in the 

literature whether repetitive heading actually can lead to 

altered acute or even long-term neurophysiological 

functioning similar to the symptoms of a very mild 

concussion. Published studies have suggesting a potential 
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relation between heading and neurophysiological and 

neuropsychological dysfunctions (Matser et al., 1998, 1999; 

Webbe & Ochs, 2003; Witol & Webbe, 2002) have been 

regularly referenced by the media despite the lack of 

conclusive data. However, for every study suggesting the 

potential relationship there is a study that suggests that 

there is no relationship between the two (Guskiewicz, 2002; 

Jordan et al., 1996; Putukian et al., 2000; Kaminiski et 

al., 2007; Stephens et al., 2005; Straume-Naesheim et al., 

2005;). It has been speculated that the results are 

conflicting as injuries associated with neurophysiological 

dysfunction (e.g., concussion) do not always result in 

neuropsychological deficits.  

To address this concern researchers have suggested 

that an assessment of motor functioning may be a more 

sensitive measure of neurophysiological functioning than 

neuropsychological testing (Guskiewicz, 2001). Five soccer 

heading studies to date have incorporated a postural 

control assessment to assess motor functioning; however, 

none have indicated any alterations in neurophysiological 

function following soccer participation (Broglio et al, 

2004; Kaminski et al., 2007; Mangus et al., 2005; Schmidt 

et al., 2004). None of the postural assessments utilized 

involved dynamic environmental conditions and may not have 
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been challenging enough to illuminate the slight 

neurophysiological dysfunction. However, it has been 

hypothesized dynamic environmental conditions (e.g., an 

unstable support surface with a VE) are challenging 

assessments of neurophysiological functioning for even 

healthy individuals (Bugnariu & Fung, 2007; Haran & 

Keshner, 2008; Mergner et al., 2005; Streepey et al., 

2007a; Streepey et al., 2007b). It is plausible that 

dynamic environmental conditions involving discordant 

sensory input would be sensitive enough to illuminate any 

neurophysiological dysfunction following repetitive. 

Recent research has shown that a nonlinear regularity 

statistic, ApEn, is a sensitive measure for detecting 

alterations in neurophysiological functioning in concussed 

individuals (Cavanaugh, Guskiewicz, & Stergiou, 2005). ApEn 

examines the structure (e.g., complexity) of the 

variability of a time series rather than the traditional 

measures of variability that only measure magnitude 

(Newell, Van Emmerik, Sprague, & Lee, 1993).  Measures of 

complexity can quantify subtle movement changes or 

characteristics that are not necessarily apparent using 

biomechanical measures of postural stability (Newell et 

al., 1993). For example, it has been previously suggested 

that smaller excursions of the COM under dynamic 
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circumstances may be associated with increases in the 

complexity of the fluctuations of the force trajectories of 

the COP (Haran & Keshner, 2008). This inverse relationship 

may signify the ability of the postural control system to 

adapt to an external perturbation (Balasubramaniam, Riley, 

& Turvey, 2000). 

This study was designed both methodologically and 

analytically to incorporate the most robust postural 

assessment and sensitive measures to date to determine if 

an acute bout of soccer heading has an adverse effect on 

postural control. The combination of a VE with dynamic 

posturography, as well as the use of COM and COP analyses 

will allow for the increased likelihood of detecting subtle 

alterations in postural control that previous studies may 

have missed.  

Statement of the Purpose 

The purpose of this study was to examine the effect of 

soccer heading on postural control using: (1) a controlled 

soccer heading model, (2) a VE and dynamic platform to 

create a robust visual condition, (3) ApEn to examine the 

nonlinear COP oscillation patterns, and (4) the COM as an 

additional postural control parameter. 
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Hypotheses 

1. There will be a significant group x time interaction for 

the ML and AP ApEn COP values.  The experimental group 

values will be lower (i.e., less complex) post heading when 

compared to the control group. 

2. There will be a significant group x time interaction for 

the ML and AP COM root mean square (RMS) values.  The 

experimental group values will be higher (i.e., more 

variable) post heading than the control group. 

Methods 

Research Design 

A randomized control group design with repeated 

measures was used in this study. The independent variables 

were group (2), time (4), and condition (6). The dependent 

variables were the ApEn of the COP time series and the RMS 

of the COM time series in both the ML and AP directions, 

and the sum of the concussion signs and symptoms. ApEn and 

RMS values were calculated for each time series (see data 

reduction). 

Participants 

Sixteen participants (experimental group n = 8, age = 

21.24 ± 1.98 yrs, height = 173.04 ± 9.15 cm, and body mass 

= 70.51 ± 9.87 kg; control group n = 8, age = 22.63 ± 2.56 

yrs, height = 180.34 ± 9.11 cm, and body mass = 75.61 ± 
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13.37 kg) from the Philadelphia area volunteered for the 

study. Participants had to be on a soccer team and have at 

least five years of soccer heading experience. Participants 

were excluded from the study if they had a history of head, 

neck, or face injury in the past six months, or they wore 

dental braces. Participants signed an informed consent 

(Appendix A) and HIPPA forms (Appendix B) approved by the 

Temple University IRB.  

Instrumentation 

Head Impact Model            

A reliable head impact model was used in the study to 

standardize the head impacts (Higgins et al., inpress). A 

JUGS soccer machine (JPS Sports International, Tualatin, 

OR) was used to simulate a kicked soccer ball. Balls were 

projected at 41 deg and traveled at a velocity of 11.2 m/s. 

The participants were instructed to stand 10 m from the 

JUGS machine and head the ball back in the air to the JUGS 

machine (i.e., linear header).  

Postural Stability Assessment 

A postural assessment with discordant perturbations 

was used to systematically manipulate various combinations 

of visual, vestibular, and somatosensory stimulation in six 

sensory conditions (Nashner & Peters, 1990). Postural 

stability was assessed via COP and COM coordinates. COP was 
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collected using two embedded force plates within a dynamic 

platform (Neurocom, Inc., Clackamas, OR). The gain of the 

support surface was set to both the movement of the COM and 

the participants comfort level in the AP and ML directions, 

as well as about the ML axis using commercial software 

(Neurocom, Inc., Clackamas, OR). A gain of 1.0 moved the 

platform to a maximum of 100% of the movement of COM of the 

subject in the same direction (Haran & Keshner, 2008). 

The COM for the entire body was calculated using a 

custom written program (Matlab, Mathworks, Natick, MA) 

derived from previously reported equations (Winter, 1990). 

Reflective markers were attached bilaterally on the second 

metatarsophalangeal joint, lateral malleolus, lateral 

epicondyle of the tibia, greater trochanter, acromion 

process, lateral epicondyle of the humerus, styloid process 

of the ulna, second metacarpophalangeal joint, and 

zygomatic arch. Markers were also placed on the 7th cervical 

vertebra and on joint of 4th and 5th lumbar vertebrae. A six-

camera motion analysis system (Motion Analysis, Inc., Santa 

Rosa, CA) was used to capture marker motion at 120 Hz, 

which was low-pass filtered at 4 Hz using a fourth order 

Butterworth digital filter. 

During each assessment, participants stood still on 

the platform were instructed to keep their arms relaxed at 
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their sides and while looking straight ahead, without 

reaching out to touch the visual surround or taking a step. 

Foot placement was standardized based on participant 

height, according to manufacturer guidelines. The 

assessment consisted of six 30 s trials. The assessment 

conditions consisted of: (1) a stationary VE with a 

stationary support surface, (2) dark condition with a 

moving support surface (3) a rotating VE with a stationary 

support surface (C3), (4) a rotating VE with a moving 

support surface (C4), (5) a dark condition with a 

stationary support surface, and (6) a stationary VE with a 

moving support surface. 

Virtual Environment 

A VE was used to create visual perturbations by 

altering the visual field and optic flow. The VE consisted 

of three 2.4 m x 1.7 m screens which were located in front 

and to the right and left of the participant. The side 

screens were wide enough to encompass the peripheral visual 

field. The VE was projected via two Panasonic PTD5600U DLP-

based projectors (Panasonic Corporation of North America,  

Secaucus, NJ). Each projector “threw” a full-color stereo 

workstation field (1024 x 768 stereo) at 60 Hz onto the 

screen. Different polarized filters were placed in front of 

the projectors to provide a left eye or right eye view of 
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the image, and “passive” stereo glasses worn by the 

participant delivered the correct view to each eye.  

The actual projected VE consists of a 30.5 m wide by 

6.1 m high x 30.5 m deep room containing round columns with 

patterned rugs and painted ceiling. Beyond the virtual room 

is a landscape consisting of mountains, meadows, sky, and 

clouds. The correct perspective and stereo projections for 

the scene are computed using values for the current 

orientation of the head (six degrees of freedom) supplied 

at 120 Hz by reflective markers (Motion Analysis Systems, 

Santa Rosa, CA) attached to a customized headband. 

Consequently, virtual objects retain their true perspective 

and position in space regardless of the participant’s 

movement (i.e., the scene is matched to the participant’s 

head motion). 

Concussion Signs and Symptoms Checklist 

A checklist was used screen participant concussion 

signs and symptoms and to assign a severity to each 

reported symptom (0, not present to 10, extreme severity). 

Symptoms assessed were: blurred vision, dizziness, 

drowsiness, fatigue, feeling “in a fog”, feeling “slowed 

down”, headache, loss of consciousness, loss of 

orientation, memory problems, nausea, poor balance, ringing 

in the ears, seeing stars, sensitivity to light, 
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sensitivity to noise, sleep disturbances, and vomiting 

(Guskiewicz et al., 2004). The sum of the severity scores 

was used for the criterion measure.  

Procedures 

The experiment consisted of four data collection 

sessions: hr 0, hr 1, hr 24, and hr 48. Participants were 

randomly assigned to the control or experimental group 

prior to the hr 0. During the hr 0 session, prior to soccer 

heading, participants completed the concussion signs and 

symptoms checklist, and the gain of the platform was set 

according to participants comfort level. A baseline 

postural assessment was then performed. The experimental 

group then performed 10 standing headers for within 10 min. 

The control group performed simulated headers (i.e., no 

contact with the ball) within the same time period. All 

participants then repeated the postural stability 

assessment, the concussion signs and symptoms checklist and  

a Health History and Activity questionnaire at hr 1, hr 24, 

and hr 48. The hr 24 and 48 assessments were performed as 

close to the same time of day as possible as the hr 0 

assessment.   
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Data reduction 

Approximate Entropy 

The ApEn algorithm quantifies randomness of a time 

series by determining the extent to which short sequences 

of data points are repeated. More precisely, the ApEn 

algorithm calculates the logarithmic probability that a 

specific number of data points (i.e., pattern length) are 

close (i.e., within a tolerance window) for a specified 

time series (i.e., input data points).  

Prior to the ApEn calculation, which is often 

identified as ApEn(m,r,N), three variables must be defined: 

(1) the number of input data points N u(1),u(2),...,u(N), 

(2) the pattern length m, and (3) a tolerance window r.  

After the variables have been set a four-step calculation 

is run. The first step is to form vector sequences x(1) 

through  x(N - m - 1). The second step is to define the 

distance d [x(i),x(j)] between vectors x(i) and x(j) as the 

largest difference in their respective scalar components. 

The third and final step is to use the vector sequences 

x(1) through x(N - m - 1) to create (for each i ≤ N –m + 1) 

Ci
m. 

 

Ci
m(r)=(number of x(j) such that d[x(i),x(j)]≤r/(N − m 

+1))(1) 
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The Ci
m(r) values measure (within the tolerance r) the 

regularity of patterns similar to a given pattern of window 

length m. The fourth step is to define Φm(r) as the average 

value of the natural logarithm. Thus, ApEn is defined as 

 

ApEn(m,r,N) = Φm(r) - Φm+1 (r) (2) 

  

Smaller ApEn values indicate a higher probability of 

regularly repeating sequences of m observations. An ApEn 

value of zero (i.e., sine wave) corresponds to a time 

series that is perfectly repeatable. Smaller ApEn indicate 

an increase in regularity and a decrease in complexity. An 

ApEn value of two is produced by random time series (i.e., 

Gaussian noise) for which any repeating sequences of points 

occur by chance alone (Pincus, 1991). Larger ApEn values 

indicate a decrease in regularity and an increase in 

complexity. 

Using Matlab software (Mathworks, Natick, MA), ApEn 

values were calculated for the AP and ML components of the 

COP coordinate time series for each trial. Input parameters 

for the ApEn calculation were (1) The pattern length (m), m 

= 2 data points, (2) tolerance value (r), r = 0.2, and (3) 

a lag value of 10, were selected based on previous work 
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(Cavanaugh et al., 2007; Haran & Keshner, 2008; 

Vaillincourt & Newell, 2002; Stergiou, 2004). A lag value 

of 10 was selected to determine that the ApEn calculation 

include every 10th point in the raw time series.  This lag 

value was chosen to lower the effective sampling frequency 

of the algorithm from 100 to 10 Hz to reduce the influence 

of extraneous noise in the data.  

Surrogate AP and ML time series were created in Matlab 

having identical means, standard deviations, and power 

spectra to the original data but with randomly generated 

order (Miller, Stergiou, & Kurz, 2006; Theiler et al., 

1992). ApEn values from the original data and their 

surrogated counterparts were compared using the Student t-

test (p = .05). The procedure revealed that ApEn values for 

the original time series were significantly less than for 

their respective surrogated counterparts, indicating that 

the original data were not randomly derived, and therefore, 

were deterministic in nature. 

Intraclass correlational coefficients (ICC3,1) were 

calculated from ApEn pilot experiment data, specifically, 

the eyes open with a stable support surface condition, to 

determine the reliability of the measured data (Table 2). 

ICC values were calculated using 3 successive trials during 

hr 0 and across time for the control group mean values. For 
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hr 0, an ICC value of .596, p = .024, and an ICC of .882, p 

< .001, were found for ML COP and AP COP ApEn, 

respectively. For the control group across time an ICC of 

.493, p = .045, and an ICC of .638, p = .006, were found 

for ML COP and AP COP ApEn, respectively. ApEn was found to 

be reliable according to Shrout’s reliability 

classifications (.41 to .60 is fair, .61 to .80 is 

moderate, and greater than .81 is substantial; Shrout, 

 

Table 2 
 
Reliability of Approximate Entropy of the Center of 

Pressure from Pilot Experiment Data  

 

Variable ICC3,1 (95% CI) p 

Group collapsed, hr 0   

ML ApEn  0.596 (0.009 to 0.859) .024* 

AP ApEn 0.882 (0.710 to 0.959) .000* 

Across time   

ML ApEn  0.493 (-.112 to 0.795) .045* 

AP ApEn 0.638 (0.205 to 0.854) .006* 

 
Note. ICC = intra-class correlation coefficient. CI = confidence 
interval, hr 0 = hour 0, AP = anterior-posterior, and ML = medial-
lateral. * = significant differences at p = .05. Data were from the 
eyes open with stationary platform condition. 
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1998). In addition, the ICC values were within previously 

reported ICC values for COP displacements (0.3 to 0.68) and 

ApEn values (0.36 to 0.897; Geldhof et al., 2006; Hoyer, 

Bandholm, & Jensen, 2009). These ICC analyses show that the 

measure of COP ApEn is a reliable measure and appropriate 

for the purposes of the current investigation. 

Root Mean Square 

The RMS reflects the variability in signal magnitude.   

∑
2

1(x-x )
RMS=

n
 

Increases in variability are typically associated with less 

postural control. Using Matlab software (Mathworks, Natick, 

MA), RMS values were calculated for the AP and ML 

components of each COM time series. 

Data Analysis 

Data were analyzed using descriptive and inferential 

statistics. Using SPSS 17.0 statistical software (SPSS, 

Chicago, IL), four t-tests were conducted for the sum of 

the concussion signs and symptoms severity scores. In 

addition, four separate mixed model 2 (group) x 4 (time) x 

6 (condition) ANOVAs with repeated measures were conducted 

to detect differences in the postural control parameters. 

Post-hoc tests were used to identify where significant 

differences existed when necessary. Alpha was set at .05. 
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Results 

All test statistics are presented in Appendix F. 

All raw data are presented in Appendix E.  

Group sum of the signs and symptoms severity scores 

are presented in Table 3. The results of the four t-tests 

revealed that there were no significant differences between 

the groups at each time period  

 The ML COP ApEn group means and standard deviations 

are presented in Table 4. The ANOVA indicated that there 

was a significant group by time interaction, F(2,166) =  

6.035, p = .004. Post-hoc t-tests revealed that there were 

significant differences between the groups at hr 24 (Figure 

1). The mean for the experimental group was 16.6% lower 

than the control group mean.  

The AP COP ApEn group means and standard deviations 

are presented in Table 4. The ANOVA indicated a significant 

 
 
Table 3 
 

Sum of the Concussion Signs & Symptoms Severity Scores 

 

Group Hr 0 Hr 1 Hr 24 Hr 48 

Control 0 0 0 0 

Experimental 0 1 1 1 

 
Note. Hr = hour. * = significant differences at p = .05. 
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Table 4 
 

Descriptive Characteristics of the Center of Pressure for 

Approximate Entropy Data 

 

        AP             ML 

Hour  Condition Control Experimental Control Experimental 

0  1 .68 (.10) .41 (.20) .40 (.11) .26 (.10) 

  2 .63 (.21) .58 (.11) .74 (.30) .68 (.24) 

  3 .63 (.23) .50 (.18) .62 (.22) .56 (.10) 

  4 .93 (.27) .72 (.13) .99 (.33) .79 (.19) 

  5 .55 (.17) .65 (.24) .52 (.11) .45 (.16) 

  6 .65 (.22) .58 (.25) .85 (.27) .66 (.33) 

1  1 .54 (.18) .58 (.43) .42 (.12) .39 (.23) 

  2 .64 (.21) .56 (.10) .77 (.30) .70 (.22) 

  3 .50 (.22) .42 (.19) .57 (.13) .53 (.13) 

  4 .84 (.17) .67 (.18) .97 (.18) .77 (.27) 

  5 .63 (.28) .41 (.25) .50 (.12) .33 (.21) 

  6 .59 (.19) .52 (.20) .73 (.26) .75 (.27) 

24  1 .62 (.35) .49 (.25) .43 (.13) .33 (.08) 

  2 .70 (.20) .59 (.17) .77 (.16) .69 (.19) 

  3 .52 (.16) .53 (.17) .66 (.15) .52 (.10) 

  4 .94 (.15) .72 (.15) .99 (.14) .85 (.09) 

  5 .61 (.13) .52 (.21) .60 (.19) .42 (.17) 

  6 .78 (.20) .45 (.19) .83 (.13) .68 (.26) 

48  1 .58 (.24) .69 (.51) .33 (.14) .43 (.18) 

  2 .65 (.16) .61 (.13) .71 (.22) .71 (.22) 

  3 .50 (.17) .65 (.22) .52 (.15) .55 (.17) 

  4 .81 (.14) .69 (.16) .89 (.17) .85 (.26) 

  5 .58 (.15) .73 (.37) .52 (.14) .48 (.18) 

  6 .61 (.22) .51 (.13) .69 (.34) .64 (.26) 

 

Note. Values are mean (SD). Control (N = 8) and Experimental (N = 8).  
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Figure 1. Experimental and Control Group Means collapsed 
across condition for each Postural Assessment Post Heading 
for the Medial-Lateral Center of Pressure Data. Control (N 
= 8) and experimental (N = 8). CG = control group, EG = 
experimental group, and ApEn = Approximate Entropy. * = 
significant differences at .006. 
 
 
 
group by time interaction, F(2,166) = 4.700, p = .010, and 

a significant condition main effect, F(5,249) = 7.99, p 

<.000. Post-hoc t-tests with a Bonferroni correction 

indicated that EG mean was significantly lower compared to 

the CG for hr 24 (Figure 2). Post-hoc pair-wise comparisons 

revealed that condition 4 was significantly lower, p < .05, 

than condition 3 only (Figure 3).  

The ML COM RMS group means and standard deviations are 
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Figure 2. Experimental and Control Group Means collapsed 
across condition for each Postural Assessment Post Heading 
for the Anterior-Posterior Center of Pressure Data. Control 
(N = 8) and experimental (N = 8). CG = control group, and 
EG = experimental group. * = significant differences =.000. 

 

 
Figure 3. Experimental and control group means collapsed 
across time for each condition for the Anterior Posterior 
Center of Pressure Data. Note. Control (N = 8) and 
experimental (N = 8). ApEn = Approximate entropy. * = 
significant differences at p = .05.  
 



77 

 

 

presented in Table 5. The results of the ANOVA for the ML 

COM RMS mean values indicated a significant group by time 

interaction, F(3,249) = 4.013, p < .001, and a significant 

condition main effect, F(5,249) = 14.277, p < .001. Post-

hoc t-tests with a Bonferroni correction revealed that the 

EG mean was 27.3% higher than the CG mean at hr 1 and 24 

(20.1 and 27.4% respectively; Figure 4). Post-hoc pair-wise 

comparisons revealed that condition 4 was significantly  

higher, p < .05, than all other conditions (Figure 5). 

The AP COM RMS group means and standard deviations are 

presented in Table 5. The results of the ANOVA indicated 

 

 
Figure 4. Experimental and Control group means collapsed 
across condition for each Postural Assessment for the 
Medial-Lateral Center of Mass Data. Note. Control (N = 8) 
and experimental (N = 8). CG = control group, EG = 
experimental group, and RMS = Root Mean Square. * = 
significant differences at .013. 
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Table 5 
 
Descriptive Characteristics of the Root Mean Square of the 

Center of Mass Time Data  

 

  AP ML 

Hour Condition Control Experimental Control Experimental 

0 1 1.44 (0.58) 3.19 (4.01) 3.95 (0.96) 5.62 (3.14) 

 2 2.54 (0.98) 2.33 (0.81) 7.12 (2.66) 7.16 (2.07) 

 3 4.16 (4.94) 5.64 (5.46) 3.58 (1.68) 3.51 (9.47) 

 4 7.69 (3.32) 8.43 (6.12) 9.97 (4.96) 9.25 (2.55) 

 5 2.72 (1.68) 1.38 (0.87) 5.29 (3.24) 4.52 (2.66) 

 6 2.23 (0.84) 2.50 (3.00) 6.00 (2.69) 7.24 (3.66) 

1 1 1.70 (1.01) 3.12 (3.86) 3.40 (1.09) 5.32 (3.01) 

 2 2.23 (0.70) 2.31 (1.32) 5.86 (1.75) 6.59 (1.16) 

 3 3.96 (3.18) 5.73 (4.97) 4.81 (2.25) 4.55 (1.63) 

 4 5.15 (3.23) 9.69 (7.48) 8.34 (2.75) 1.19 (5.10) 

 5 2.62 (2.30) 4.14 (7.22) 4.10 (1.41) 6.27 (3.49) 

 6 2.20 (1.36) 1.82 (1.12) 6.32 (3.10) 6.82 (4.54) 

24 1 1.48 (1.16) 1.74 (0.85) 3.97 (1.87) 5.30 (1.80) 

 2 2.05 (0.60) 2.24 (1.34) 5.83 (2.54) 6.73 (1.31) 

 3 4.27 (3.90) 3.45 (2.32) 3.89 (2.51) 4.16 (1.80) 

 4 5.70 (3.34) 11.51 (8.06) 8.34 (2.72) 14.96 (7.03) 

 5 1.24 (0.39) 2.15 (1.81) 3.41 (1.28) 5.00 (2.38) 

 6 1.52 (0.75) 1.52 (0.75) 5.10 (2.48) 7.00 (3.95) 

48 1 1.36 (0.80) 3.49 (4.12) 4.79 (2.40) 3.98 (2.28) 

 2 1.91 (0.70) 1.77 (0.92) 5.10 (1.10) 6.11 (3.34) 

 3 2.85 (2.10) 1.95 (1.20) 5.34 (2.73) 4.32 (2.85) 

 4 5.10 (2.92) 6.17 (4.63) 6.70 (1.47) 8.31 (3.90) 

 5 1.19 (0.73) 2.24 (2.43) 4.09 (2.03) 3.77 (2.27) 

 6 1.86 (1.02) 1.47 (0.63) 5.90 (1.80) 7.33 (3.76) 

 
Note. Values are mean (SD), Control (N = 8) and Experimental (N = 8). 
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Figure 5. Experimental and Control Group Means collapsed 
across time for the Medial-Lateral Center of Mass Data. 
Note. Control (N = 8) and experimental (N = 8). RMS = Root 
Mean Square. * = significant differences at .05.  
that there was a significant interaction between the three  

 

factors, group, time, and condition, F(15,249) = 2.100, p = 

.010. Two post-hoc 4 (time) x 6 (condition) ANOVA with 

repeated measures was then run for each group. A 

significant time by condition interaction was found, 

F(15,126) = 2.487, p = .003, in the experimental group 

data. Using only the experimental group data six follow-up 

one-way ANOVAs with repeated measures were performed for 

each condition. A significant effect was found for 

conditions 3, F(3,21) = 2.32, p = .007 and 4, F(3,21) = 

5.241, p = .007. Paired-sample t-tests revealed that C3 was 

significantly lower at hr 48 than hrs 1 and 24 and C4 was 
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significantly lower at hr 48 then hrs 0, 1, and 24 (Figure 

6).  

 

  
Figure 6. Experimental Group Condition Means for each 
Postural Assessment for the Anterior-Posterior Center of 
Mass Data. Note. C3 = condition 3, and C4 = condition 4.  * 
= significant differences at .007.  

 

 
 

Discussion 
 

The focus of this study was to determine if an acute 

bout of soccer heading has an adverse effect on the number 

self-reported concussion symptoms and postural control.  

There were no reported changes in concussion symptoms; 

however there were significant alterations in postural 

control. The complexity of the COP oscillations was 

significantly lower for the EG at hr 24 in the ML and AP 

directions when compared to the CG. The magnitude of the 
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variability of whole body sway (e.g., COM RMS) was 

significantly higher for the EG at hr 24 in the both 

directions when compared to the CG. Condition 4 (e.g., 

rotating VE with an unstable support surface) was shown to 

be significantly different (i.e., more challenging) in 

three out of the four reported postural control parameters. 

It is possible that condition 4 was the reason why this 

study was the first to report postural control changes 

following heading due the large multisensory demand on 

attentional resources.  

Researchers have speculated that concussed individuals 

experience alterations in neurophysiological functioning 

(e.g., neuronal dysfunction) even when there are no signs 

and symptoms of a concussion (Guskiewicz, 2001). The 

reported temporary postural control deficits in this study 

support neuronal dysfunction without any changes in self-

reported concussion symptoms post heading. It is plausible 

that the rapid deceleration of the skull and brain that 

occurs during impact could strain axons and result in a 

DAI. A DAI is associated with a disruption of the axolemma 

causing an influx of Ca2+ altering normal neuronal 

communication (Bruno, Gennarelli, & Torg, 1987; Choi, 1988; 

Gennarelli, 1994; McIntosh, Faden, Yamakami, & Vink, 1988). 

Concussion related Ca2+ levels do not immediately result in 
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neuronal dysfunction and may take up to 4-6 hrs to disrupt 

neuronal communication (Giza & Hovida, 2001). Typically, 

Ca2+ levels to normal 48 to 96 hrs post trauma followed 

shortly by normal neuronal functioning (Giza & Hovida; 

Xiao-Sheng et al., 2000). The reported alterations in 

postural control followed a similar timeline. The deficits 

were also delayed and appeared between 2 to 24 hrs after 

heading. However, the deficits dissipated quickly, well 

before Ca2+ levels return to normal levels within the axon.   

It is beyond the scope of this study to link the postural 

deficits to Ca2+ levels; however future research should 

measure axonal Ca2+ levels to determine if they are 

correlated with postural deficits post heading. 

Previous research has shown that the complexity of COP 

oscillations (e.g., COP ApEn) to be a sensitive measure of 

neurophysiological functioning in concussed individuals 

(Cavanaugh et al., 2006). COP ApEn has been shown to be 

altered for 3 to 5 days after traditional biomechanical 

measures have deemed individuals to be within a pre-injury 

baseline range. It has been proposed that COP ApEn may be a 

more sensitive measure to detect to subtle alterations in 

postural stability in individuals with slight neural 

dysfunction (Cavanaugh et al). A concussion can disrupt 

normal neural communication and possibly decouple cortical 
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sites involved in postural control. A decrease in neural 

coupling of postural-related cortical sites has been 

suggested to manifest as decreases in the complexity of COP 

oscillations (Cavanaugh et al). No study in the acute 

heading literature has used ApEn to examine the structure 

of COP oscillations (Broglio et al, 2004; Kaminski et al., 

2007; Mangus et al., 2005; Schmidt et al., 2004). It is 

possible that ApEn combined with altered environmental 

conditions may be able to detect alterations postural 

control after an acute bout of heading that are only found 

within the structure of COP oscillations, rather than in 

the magnitude of the oscillations.     

 Normal posture is believed to be maintained though 

the integration process of afferent input from the visual, 

vestibular, and somatosensory systems. Recent imaging data 

has localized sensory integration to three areas within the 

cerebra cortex: the PFC, PMC, and PPC (Driver & Noesselt, 

2008; Fuster, Mark, Bodner, & Kroger, 2000). The process is 

thought to occur dynamically and that the CNS is able to 

reweight sensory input if orientation information is from 

one modality is altered (Redfern et al., 2001). It has been 

suggested concussed individuals have difficulty reweighting 

sensory information, especially under dynamic environmental 

conditions which place a high demand on attentional 
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resources (Guskiewicz, 2001). Whether the resulting 

postural instability is a result of sensory integration 

dysfunction, an ability to allocate attentional resources, 

or a reduction in attentional resource capacity is 

currently unknown. However, it has been suggested that the 

interaction between sensory integration and attention may 

be more important to postural control (Mahboobin, Loughlin, 

& Redfern, 2007).    

Concussed individuals are thought to not only have 

difficulty allocating attentional resources, but display a 

temporary reduction in resource capacity (Basford et al, 

2003; Catena, van Donkelaar, & Chou, 2007; Fait, McFadyen, 

Swaine, & Cantin, 2009; Parker, Osternig, van Donkelaar, & 

Chou, 2009; van Donkelaar et al., 2005). The attentional 

deficits have been suggested to have destabilizing effect 

especially under altered sensory conditions (Catena et al., 

2007).  

Attentional resource capacity has been localized to 

the frontal lobe and the dorsolateral prefrontal cortex 

(DLPFC) and has been suggested to be involved in the 

allocation of attentional resources necessary to adapt to 

altered environmental conditions (Ghatan et al., 1995; 

MacDonald, Cohen, Stenger, & Carter 2000; Mesulam, 1986). 

Recent imaging studies have shown that concussed 
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individuals have reduced activity in the DLPFC; a cortical 

region that has been suggested to be involved in the 

allocation of attentional resources (Perlstein et al., 

2004). A minor DAI to this area may result in temporary 

attentional deficits due to neuronal dysfunction and result 

in postural instability.   

There are several factors that can affect the postural 

demand for attentional resources: normal aging, the 

reliability of sensory input, novelty of the postural task, 

complexity of a postural task, novelty of the task, and 

amount of voluntary focus on maintaining balance (Lajoie et 

al., 1996; Shumway-Cook & Woollacott, 2000; Teasdale & 

Simoneau, 2001; Vuillerme & Nafati, 2007). A heading-

related DAI to the DLPFC may temporally mimic decreases in 

attentional capacity that occurs in normal aging due to 

dendritic arborization (Teasdale & Simoneau, 2001; 

Wollacott & Shumway-Cook, 2002).  

In addition, C3 and C4 in our postural assessment may 

have affected the rest of the aforementioned factors 

placing a large demand on attentional resources. These 

conditions involved a visual stimulus (e.g., VE) that 

provided unreliable postural orientation information that 

was discordant with the support surface was servoed to 

enhance the movement of the individual’s COM creating a 



86 

 

 

postural task that was both complex and novel. In addition, 

the participants were asked to focus on maintaining upright 

posture placing constraints on postural control components. 

An inability meet or allocate attentional resources may 

have resulted in the reported postural deficits. It is 

beyond the scope of this research to determine to what 

extent each factor (i.e., postural task complexity) 

demanded the largest amount of attentional resources and 

future studies should systematically isolate each factor to 

do so.  

Finally, whole body stability decreases (e.g., 

increases in the COM variation) there were decreases in 

complexity (e.g., decreased ApEn) of the COP trajectories. 

This finding supports previous research that has suggested 

that changes in measures of the structure of variability 

(e.g., ApEn) may occur in a completely different direction 

than changes in the magnitude of variability 

(Balasubramanian, Riley, & Turvey, 2000; Haran & Keshner, 

2008; Riley & Turvey, 2002; Silfkin & Newell, 1998). Thus, 

we can hypothesize that the decreased stability of the 

whole body (i.e., increased variation of the COM) under 

dynamic circumstances may actually be associated with less 

complex and more regular fluctuations (i.e., increases in 

ApEn) of the force trajectories of the COP due to a 
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reduction in attentional capacity (Donker, Roerdink, 

Greven, & Beek, 2007).   

Conclusion 

The increased participation in soccer, especially in 

the United States, necessitates a look at the safety of the 

sport. The high number of head injuries associated with 

soccer has prompted concern. This study was the first to 

report significant alterations in postural control post 

heading without any associated self-reported concussion 

symptoms. It is possible that the lack of changes in 

concussion symptoms may have been due to a reluctance of 

the participants to report symptoms. In addition, it can be 

assumed that there may have been more symptoms reported if 

the ball velocity (11.2 m/s) was more representative of 

actual collegiate playing conditions (e.g., 30 m/s). 

However, even at this reduced velocity there were 

significant alterations in the postural control parameters 

indicating that dynamic postural assessment may be a more 

sensitive indicator of an injury than self-reported 

concussion signs and symptoms. These significant findings 

are contrary to the acute heading literature and may be a 

result of the robust discordant environmental conditions 

utilized in the postural assessment. Further investigation 

should determine the usefulness of these conditions as well 
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as the use of a dual-task that combines a VE based 

cognitive task with a complex postural task in the 

assessment of a MTBI.  
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Participant’s Name: ___________________________________  

Number: ________ 

 

DATE: ___________________ 
 
Title:  “Effects of Soccer Heading on Neuropsychological 
and Postural Control Performance.” 
 
Investigators:  
 
Investigator I, - Ryan Tierney, PhD, ATC, Biokinetics 
Research Lab: 215-204-4001  
Investigator II, - FJ Haran, M.S., Biokinetics Research 
Lab: 215-204-1963 
 
Purpose of Research: I am being asked to take part in a 
research study designed to determine if soccer heading causes 
a mild brain injury similar to a concussion. This information 
may help researchers develop new ways of determining who is 
at risk for a brain injury and if an injury has occurred.  I 
am being asked to participate in this study because you are 
18 to 35 years of age, a member of a soccer team and have at 
least five years of soccer heading experience.  I have not 
had a head, neck or face injury in the last six months and I 
do not wear braces on my teeth.   
 
General Research Design: I understand that I am being asked 
to participate in a research study at the Biokinetics 
Research Laboratory (Pearson Hall 002) at Temple 
University. This study will evaluate the effect of soccer 
heading on balance and cognitive performance. During this 
study I will be asked to attend four sessions.  During the 
first session, I will complete this informed consent form, a 
health information privacy form (i.e., HIPPA), and a health 
history and activity survey.  The research staff will then 
take a mold of my upper teeth to make a custom mouthpiece to 
use during testing.  This process will take about 15 minutes 
and include a soft impressionable material that will be 
mixed and placed in a dental tray.  I will then be asked to 
insert the tray into my mouth and bite down for 30 seconds. 
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Once removed, this mold will be used to create the custom 
mouthpiece.  At the end of this session I will be scheduled 
to come back for 3 testing sessions. 
 
At the second session, I will be randomly placed into one 
of two groups.  One group will be asked to perform 10 
soccer headers in 10 minutes and the second group (control 
group) will be asked to perform 10 simulated headers in 10 
minutes.  I will complete a one page symptoms survey to see 
if I have any symptoms of a head injury. I will provide a 
saliva sample for genetic assessment. I will take a 25 
minute computer test to measure my cognitive performance.   
 
I will then have my balanced assessed. During the balance 
assessment I will be asked to keep my balance on a platform 
that is able to move forwards and backwards as well as side 
to side.  The room will be darkened and a moving picture 
will be shown on a screen. I will put on a harness, which 
is suspended from the ceiling, to protect me from falling. 
The side screens are wide enough to encompass the 
peripheral visual field. I will perform a total of 18 
trials. Six trials will be performed with my eyes closed, 6 
with my eyes open with a stationary VE, and 6 with my eyes 
open with a rotating VE. I will perform 3 trials for each 
visual condition the support surface not moving and 3 while 
the support surface is simultaneously tilted forward (toes 
pointed down slightly) and moving forwards and backwards as 
well as side to side. 
 
Following the balance assessment, if I am in the soccer 
heading group (session 2): I will then be asked to try my 
mouthpiece and tell the researchers if it feels secure in 
my mouth.  A small measurement device will then be attached 
to my mouthpiece to measure my head movement during the 
headers.  I will then complete ten soccer headers in ten 
minutes.  The ball will be projected from 25 meters away 
and traveling at 25 miles per hour.  At the end of the 
soccer headers, the mouthpiece will be cleaned and I will 
be able to take the mouthpiece home with me.  
 
Following the balance assessment, if I am in the control 
group (session 2): a small measurement device will then be 
attached to my mouthpiece to measure my head movement 
during the headers.  I will then complete 10 simulated 
headers in 10 minutes. After which, the mouthpiece will be 
cleaned and I will be able to take the mouthpiece home with 
me.   
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For all participants (session 2): Immediately after the 
soccer activity I will complete the one page symptoms 
survey, take the cognitive test, and have my balance 
assessed.   
 
For all participants (sessions 3 and 4): I will be asked to 
return to the lab two more times to complete the one page 
symptoms survey, take the cognitive test, and have my 
balance assessed.  These visits will be scheduled 24 hours, 
48 hours after the soccer activity. If I am determined to 
be injured from the test results, then I will return to the 
lab every 48 hours until my tests return to normal.   
 
Risks: The soccer heading during the testing involves 
minimal risk of brain or neck injury. These injuries could 
potentially cause me to miss practice or game 
participation, or cause temporary signs and symptoms of a 
head injury (e.g., headache).  I may also notice short-term 
muscle and joint soreness as a result of the heading or 
running activity.   
 
New findings: I will be told about new information that 
might change my decision to be in this study.  I will also 
be told about new information that may have an effect on my 
future medical care.  I may be asked to sign a revised 
informed consent form that contains the new information. 
 
Benefits: I will not benefit directly from this study.  
However data from this research study will be used to 
improve the evaluation of head injuries and reduce the risk 
of head injury in soccer.    
 
Costs: I will be required to pay for parking (if necessary) 
and transportation to the testing site. 
 
Payment for participation: I will not be paid for 
participating in this study. 
 
Confidentiality: All documents and information pertaining 
to this research study will be kept confidential in 
accordance with all applicable federal, state, and local 
laws and regulations.  I understand that medical records 
and data generated by the study may be reviewed by Temple 
University's Institutional Review Board and the Office for 
Human Participants Protections (OHRP), or the National 
Operating Committee on Standards for Athletic Equipment to 
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assure proper conduct of the study and compliance with 
federal regulations.  I understand that the results of this 
study may be published. If any data is published, I will 
not be identified by name. 
 
Compensation for injury: If I am injured as a result of the 
study or a procedure required to be done only as part of 
the study, my hospital and medical care will be provided at 
Temple University Hospital at no cost to me.  Other 
financial compensation (such as lost wages or pain and 
suffering) for such injuries is not routinely available.  
By signing this consent form I am not waiving any of the 
legal rights that I otherwise would have as a participant 
in a research study. 
 

Voluntary participation and withdrawal: My participation in 
this study is entirely voluntary, and refusal to 
participate will involve no penalty or loss of benefits to 
me.  I may discontinue my participation at any time without 
penalty or loss of benefits.  My participation in this study 
may be stopped at any time by the study doctor or the sponsor 
without my consent. 
 
Reasons for removal from the study: During the study the 
investigator may remove me from testing. There may be 
several reasons: If My medical history form indicates that 
I have health issues (e.g., signs and symptoms of a recent 
head injury) that may interfere with the test results or 
increase my injury risk I may be excused. 
 

Questions: 
 

If I have any questions about my rights as a research 
participant, I may contact the Institutional Review Board 
Coordinator, Richard Throm at (215) 707-8757. 
 
If I have any research-related questions, I may contact Ryan 
T. Tierney, PhD, ATC: 215-204-4001 (office), 302-465-6838 
(24 hour) 
 
If I have any research-related injury questions, I may 
contact Joseph Torg, MD: 215-204-1321 (office) 
 
I will not sign this consent form unless I have had a 
chance to ask questions and have received satisfactory 
answers to all of my questions. 
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If I agree to participate in this study, I will receive a 
signed and dated copy of this consent form for my records. 
 
 

CONSENT 
 
I have read this consent form and the study has been 
explained to me.  All I questions about the study and I 
participation in it have been answered.  I freely consent to 
participate in this research study.     
 
By signing this consent form I have not waived any of the 
legal rights that I otherwise would have as a participant in 
a research study. 
 

Effect of Soccer Heading on Neuropsychological  

and Postural Control Performance 

 

________________________________________ 
Participant Name 
 
____________________________________ __________________ 
Signature of Participant Date 
 
____________________________________ __________________ 
Signature of Person Conducting Informed Date 
Consent Discussion 
 
____________________________________ __________________ 
Signature of Principal Investigator Date 
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APPENDIX B 
HEALTH INSURANCE PORTABILITY AND  

ACCOUNTIBILITY ACT FORM 
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STUDY-SPECIFIC DOCUMENT 

 

1. RESEARCH STUDY:  
 
Alterations in Postural Control Following an Acute 
bout of Soccer Heading                  

 
2. PRINCIPAL INVESTIGATOR 

 
Ryan Tierney, PhD, ATC                                                                                                                
018 Pearson Hall, 0480                                                                                                                       
Department of Kinesiology    
Temple University         
Philadelphia, PA  19122    

 
3. RECIPIENTS  

 

Sponsor Agents:                              
 
Temple University: Temple University’s IRB 
 
Other(s): Office for Human Research Protections                                            
 

4. EXPIRATION DATE: None                                                                                                        
 

5. OTHER INFORMATION: Health history and activity related 
to general health, and  head and neck injury will be 
assessed via questionnaire. Height and weight will be 
assessed. Cognitive and balance performance will be 
assessed.            

 
___________________________________________________________ 
Signature of Patient                                   Date  
 
___________________________________________________________ 
Printed Name of Patient 
 
___________________________________________________________ 
Signature of Personal Representative of the Patient    Date 
 
__________________________________________________________   
Printed Name of Personal Representative of the Patient and 
Relationship to Patient 
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___________________________________________________________  
Signature of Person Collecting Authorization             
Date 

 
 
___________________________________________________________ 
Printed Name of Person Collecting Authorization 
 
Version.1.10.2005 – Research Authorization Study-specific 
Document 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



130 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX C 
CONCUSSION SIGNS AND SYMPTOMS CHECKLIST 
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Rate the presence and severity of your signs and symptoms 
from 0-10. 

 
Sign/Symptom not present = 0 
Most Severe Experienced = 10 

 

Participant # ______  
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

Symptom Pre test 1 hr post-
test 

24 hr post 
test 

48 hr 
post-test 

Blurred vision     

Dizziness     
Drowsiness     
Fatigue     
Feel ‘in a fog’     
Feel ‘slowed down’     
Headache     
Loss of 
consciousness 

    

Loss of orientation     
Memory problems     
Nausea     
Poor balance     
Ringing in ears     
Seeing stars     
Sensitivity to 
light 

    

Sensitivity to 
noise 

    

Sleep disturbance     
Vomiting     
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APPENDIX D 
HEALTH HISTORY AND ACTIVITY QUESTIONNAIRE 
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Participant Number______                 
 Date__________        
 

Please answer the following questions to the best of your 
ability. 
 
1. Are you a member of a soccer team?   

NO        YES___ 
 
2. Do you have at least 5 years of soccer heading 
experience? 

NO        YES___   If yes, how long?________________ 
 
4. How you ever been diagnosed by an athletic trainer or 
physician with a concussion? _______ If yes, how 
many?______  
 

4A. How long did signs and symptoms last (list per 
concussion)? 

 
 
 

4B. How long did you miss participation (list per 
concussion)? 

 
 
 
3. Have you had a head (concussion),neck, eye, or face 
injury in the last 6 months? 

NO        YES___   If yes, when? _______ 
 
3A. If Yes, were you cleared to return to play by a 
physician?    

NO       YES___ 
 
4. Do you have any predisposing neurological, muscular, 
and/or skeletal disorders or diseases? 

NO              YES       (if yes, explain) 
 
5. Are you presently taking any medications that may affect 
your equilibrium (e.g., antibiotics)? 

NO_____         YES_____  (if yes, explain) 
 
6. Do you have any medical problems that the researcher 
should be made aware? 

NO              YES       (if yes, explain) 
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7. Have you ever experienced any of the following symptoms 
of concussion?  If yes list the number of occurrences and 
describe any cause or event preceding the symptom.  For 
example, soccer game or practice event, fall, car accident, 
unknown reason.  
 

 
 
 
 
 
 
 

 

Concussion Symptom # of 
Times 

Description 

Blurred vision 
  

 

Dizziness 
  

 

Drowsiness 
  

 

Fatigue 
  

 

Feel ‘in a fog’ or ‘slowed down’ 
  

 

Headache 
  

 

Loss of consciousness 
  

 

Loss of orientation 
  

 

Memory problems 
  

 

Nausea 
  

 

Poor balance 
  

 

Ringing in ears 
  

 

Seeing stars 
  

 

Sensitivity to light 
  

 

Sensitivity to noise 
  

 

Sleep disturbance 
  

 

Vomiting 
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8. Are you currently experiencing or have you ever 
experienced (circle): 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Please indicate below any medical and/or health concerns you may 
have which have not been addressed by the previous items on this 
form. If there are any questions please feel free to contact the 
investigator at the following number and address: 
 
Ryan T. Tierney, PhD, ATC 
(215) 204-4001 
rtierney@temple.edu 
018 Pearson Hall, 048-00 
Temple University 
Philadelphia, PA 19122 

 

 

 

 

 

 

Experience YES NO 
High blood pressure   

Heart Disease   

Angina or chest pain   

Heart attack   

Heart surgery   

Heart palpations   

Abnormal ECG or EKG   

Heart murmur or defect   

Blood clot or phlebitis   

Frequent pain or cramping in your legs   

Anemia or other blood disorder   

Shortness of breath on exertion   

Asthma   

Allergies   

Seizures   

Dizziness or fainting spells   

Severe muscle weakness   

Significant vision or hearing loss   

Osteoarthritis or bone joint disease   

Balance or inner ear problems?   
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Table E-1 
 
Independent T-tests Results for Sum of the Concussion Signs 
and Symptoms Severity Scores 

 

Source dF t p 

Hour 0 7 n/a n/a 

Hour 1 7 -1 .35 

Hour 24 7 -1 .35 

Hour 48 7 -1 .35 

 

Note. Equal variance was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/4 = 0.0125. 
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Table E-4 
 
ANOVA Results for the Medial-Lateral Center of Pressure 

Approximate Entropy Data 

 

Source SS df MS F p Power 

Time .042 2 .021 0.869 .421 .198 

Group .067 1 .067 0.766 .381 .140 

Condition .620 5 .124 1.443 .080 .999 

Group*Time .294 2 .147 6.035 .003* .879 

Condition*Time .187 10 .019 0.766 .661 .394 

Group*Condition .609 5 .122 1.417 .227 .476 

Group*Condition*Time .332 10 .033 .13653 .202 .680 

 

Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 8). 
* = significant differences at p = .05/2 = .025. 
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Table A-5 
 
Post-hoc Independent T-Test Pair-wise Comparisons for Group 

x Time Interaction of the Medial-Lateral Center of Pressure 

Approximate Entropy Data 

 

Source dF t p 

Hour 0 94 2.107 .038 

Hour 1 94 1.485 .141 

Hour 24 94 2.829 .006* 

Hour 48 94 -0.047 .962 

 

Note. Equal variance was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/4= .0125 
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Table E-6 
 

ANOVA Results for the Anterior-Posterior Center of Pressure 

Approximate Entropy Data 

 

Source SS df MS F p Power 

Time 0.148 2 0.074 3.392 .036 .632 

Group 0.101 1 0.101 1.695 .196 .251 

Condition 2.380 5 0.476 7.999 .000* .999 

Group*Time 0.298 2 0.106 4.700 .010* .917 

Condition*Time 0.236 10 0.024 1.082 .378 .555 

Group*Condition 0.150 5 0.030 0.503 .773 .180 

Group*Condition*Time  0.100 10 0.010 0.160 .913 .234 

 

Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/2 = .025.  
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Table E-7 
 
Post-hoc T-test Results for Group by Time Interaction for 
the Anterior-Posterior Center of Pressure Approximate 

Entropy Data 

 

Source dF t   p 

Hour 0  94 2.351 .021 

Hour 1 94 1.938 .056 

Hour 24 94 3.183 .002* 

Hour 48 94 -0.491 .625 

 

Note. Equal variance was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/4 = 0.0125 
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Table E-8 
 
Significant Post-hoc Pair-wise Comparisons for the 

Conditional Main effect of Anterior-Posterior Center of 

Pressure Approximate Entropy Data 

   

(I) 
Condition 

(J) 
Condition 

Mean 
Difference (I-

J) 
p 

C4 C1 .189 .049 

 C2 .170 .109 

  C3 .250 .001* 

  C5 .163 .156 

 C6 .193 .035 

 
Note. Based on estimated marginal means. * = significant differences at 
p = .05/15 = .003.  
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Table E-9 
 

ANOVA Results for the Medial-Lateral Center of Mass Root 

Mean Square Data 

 

Source SS df MS F p Power 

Time 32.136 3  10.712  2.395 .069 0.595 

Group 99.938 1  99.938  5.270 .024* 0.622 

Condition 1,366.961 5 273.392 14.277 .000* 1.000 

Group*Time 58.811 3 19.604  4.384 .005* 0.869 

Condition*Time 167.124 15  11.142  2.491 .002* 0.988 

Group*Condition 80.450 5  16.090 14.417 .519 0.290 

Group*Condition*Time 110.343 15   7.356  1.645 .089 0.899 

 

Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/2 = .025. 
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Table E-10 
 
Post-hoc T-test Results for the Group x Time Interaction of 

the Medial-Lateral Center of Mass Root Mean Square Data 

 

Source df t p 

Hour 0 94 -0.338 .736 

Hour 1 94 -2.062 .042 

Hour 24 94 -2.546 .013* 

Hour 48 94 -0.545 .587 

 

Note. Equal variance was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05/4 = 0.0125. 
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Table E-11 
 
Significant Post-hoc Pair-wise Comparisons for the 

Condition Main Effect of the Medial-Lateral Center of Mass 

Root Mean Square Data 

   

(I) 
Condition 

(J) 
Condition 

Mean 
Difference  

(I-J) 
p .193

C4 C1 4.785 0.000* 

  C2 2.953 0.008 

  C3 4.465 0.000* 

  C5 3.873 0.000* 

  C6 3.106 0.004 

 
Note. Based on estimated marginal means. * = significant differences at 
p = .05/15 = .003. 
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Table E-12 
 

ANOVA Results for the Anterior-Posterior Center of Mass 

Root Mean Square Data 

 

Source SS df MS F p Power 

Time 76.839 3  25.613 7.232 .000* 0.982 

Group 73.169 1  73.169 2.448 .121 0.340 

Condition 1,481.489 5 296.298 9.852 .000* 1.00 

Group*Time 18.558 3   6.186 1.747 .158 0.453 

Condition*Time 115.507 15   7.700 2.174 .008* 0.971 

Group*Condition 111.935 5  22.387 0.744 .592 0.256 

Group*Condition*Time 112.099 15   7.473 2.100 .010* 0.966 

 

Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05.  
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Table E-13 
 
Post-hoc One-way ANOVA with Repeated Measures Results for 

the Anterior-Posterior Center of Mass Root Mean Square Data  

 

Source SS df MS F p 

CG      

Time 21.541 3 7.180 14.361 .028* 

Condition*Time 510.027 138 3.696 7.392 .061 

EG      

Time 76.839 3 25.613 7.232 .000* 

Condition*Time 115.507 138 7.700 2.174 .008* 

 

Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 8). 
CG = control group and EG = experimental group. * = significant 
differences at p = .05.  
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Table E-14 
 
Post-hoc One-way ANOVA Results Across Time within each 

condition for the Experimental Group Anterior-Posterior 

Center of Mass Root Mean Square Data  

 

Source SS df MS F p 

C1  14.533 3 4.844 0.792 .467 

C2  1.678 3 0.559 0.690 .516 

C3  80.170 3 26.723 5.232 .007* 

C4  121.051 3 40.350 5.241 .007* 

C5  33.178 3 11.059 1.197 .335 

C6  4.585 3 1.528 0.956 .432 

 
Note. Sphericity was assumed. Control (N = 8) and Experimental (N = 8). 
* = significant differences at p = .05/6 = .08.  
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Table E-15 
 
Post-hoc Paired Samples T-test Results across time for the 
Experimental Group Anterior-Posterior Center of Pressure 

Root Mean Square Data 

 

Pair dF t p 

Condition 3    

Hr 0 – hr 1 7 -0.123 .906 

Hr 0 – hr 24 7 1.755 .123 

Hr 0 – hr 48 7 2.314 .054 

Hr 1 – hr 24 7 2.213 .063 

Hr 1 – hr 48 7 2.775 .028* 

Hr 24 – hr 48 7 3.269 .014* 

Condition 4    

Hr 0 – hr 1 7 -0.753 .476 

Hr 0 – hr 24 7 -1.101 .307 

Hr 0 – hr 48 7 2.978 .021* 

Hr 1 – hr 24 7 -0.989 .356 

Hr 1 – hr 48 7 3.364 .012* 

Hr 24 – hr 48 7 -0.753 .018* 
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Note. Equal variance was assumed. Control (N = 8) and Experimental (N = 
8). * = significant differences at p = .05. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX F 
RAW DATA 
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Table F-1 
 
Sum of the concussion Signs and Symptom Severity   

Scores Raw Data 

 

  Postural Assessment Hour 

N Group 0 1 24 48 

3 1 0 0 0 0 

5 1 0 0 0 0 

7 1 0 0 0 0 

9 1 0 0 0 0 

10 1 0 0 0 0 

12 1 0 0 0 0 

14 1 0 0 0 0 

16 1 0 0 0 0 

3 2 0 0 0 0 

5 2 0 1 0 1 

7 2 0 0 0 0 

9 2 0 0 0 0 

10 2 0 0 0 0 

12 2 0 0 1 0 

14 2 0 0 0 0 

16 2 0 0 0 0 
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Note. Unit N = subject number. Group: 1 = control and 2 = 
experimental. 
 

 

Table F-2.  
 
Medial-Lateral Center of Pressure Approximate Entropy Data  

 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

3 1 1 0.33 0.35 0.48 0.25 

5 1 1 0.45 0.57 0.57 0.42 

7 1 1 0.46 0.56 0.31 0.18 

9 1 1 0.49 0.34 0.42 0.28 

10 1 1 0.34 0.52 0.24 0.41 

12 1 1 0.21 0.25 0.33 0.21 

14 1 1 0.42 0.31 0.46 0.30 

16 1 1 0.55 0.47 0.61 0.61 

3 1 2 0.36 0.52 0.66 0.36 

5 1 2 0.74 0.84 0.84 0.70 

7 1 2 1.03 0.87 0.54 0.73 

9 1 2 1.05 0.83 0.84 0.83 

10 1 2 0.50 0.49 0.86 0.71 

12 1 2 0.61 0.41 0.66 0.51 

14 1 2 0.50 0.80 0.71 0.71 

16 1 2 1.14 1.36 1.06 1.11 

3 1 3 0.72 0.56 0.77 0.47 
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5 1 3 0.92 0.79 0.79 0.65 

 

Table F-2. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

7 1 3 0.44 0.67 0.66 0.19 

9 1 3 0.93 0.41 0.38 0.55 

10 1 3 0.42 0.51 0.46 0.55 

12 1 3 0.67 0.62 0.65 0.62 

14 1 3 0.37 0.43 0.79 0.60 

16 1 3 0.49 0.62 0.73 0.52 

3 1 4 0.38 0.93 0.80 0.66 

5 1 4 1.39 1.01 1.01 0.91 

7 1 4 1.10 1.11 1.12 1.23 

9 1 4 1.31 1.24 0.82 0.78 

10 1 4 0.86 0.79 0.97 0.82 

12 1 4 1.17 0.71 0.92 0.79 

14 1 4 0.94 1.08 1.13 0.98 

16 1 4 0.79 0.85 1.15 0.96 

3 1 5 0.59 0.49 0.96 0.52 

5 1 5 0.57 0.68 0.68 0.60 

7 1 5 0.59 0.32 0.62 0.22 

9 1 5 0.52 0.46 0.36 0.70 
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10 1 5 0.32 0.47 0.55 0.47 

12 1 5 0.44 0.51 0.36 0.57 

Table F-2. (continued) 

   Postural Assessment Hour 

N Group Cond     

14 1 5 0.45 0.43 0.58 0.51 

16 1 5 0.66 0.65 0.66 0.55 

3 1 6 0.64 0.44 1.07 0.39 

5 1 6 0.92 0.67 0.67 0.68 

7 1 6 1.12 1.20 0.80 0.80 

9 1 6 1.06 0.64 0.79 0.41 

10 1 6 0.52 0.86 0.97 0.59 

12 1 6 0.59 0.47 0.72 0.61 

14 1 6 0.69 0.61 0.80 0.59 

16 1 6 1.21 0.96 0.85 1.46 

1 2 1 0.43 0.40 0.34 0.39 

2 2 1 0.19 0.87 0.28 0.74 

4 2 1 0.36 0.46 0.38 0.51 

6 2 1 0.29 0.16 0.19 0.21 

8 2 1 0.20 0.21 0.28 0.37 

11 2 1 0.23 0.41 0.46 0.37 

13 2 1 0.18 0.42 0.34 0.63 

15 2 1 0.16 0.21 0.34 0.27 
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1 2 2 0.50 0.76 0.72 0.77 

2 2 2 0.91 0.55 0.69 0.95 

Table F-2. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

4 2 2 0.61 0.61 0.67 0.57 

6 2 2 0.41 0.58 0.62 0.44 

8 2 2 0.77 1.20 0.80 1.06 

11 2 2 0.78 0.60 1.06 0.68 

13 2 2 1.05 0.71 0.51 0.74 

15 2 2 0.41 0.56 0.44 0.49 

1 2 3 0.56 0.41 0.34 0.55 

2 2 3 0.52 0.68 0.57 0.77 

4 2 3 0.67 0.67 0.60 0.61 

6 2 3 0.58 0.42 0.57 0.48 

8 2 3 0.45 0.49 0.44 0.44 

11 2 3 0.48 0.58 0.61 0.69 

13 2 3 0.73 0.64 0.58 0.66 

15 2 3 0.48 0.37 0.41 0.23 

1 2 4 0.50 0.56 0.82 0.86 

2 2 4 0.82 0.45 0.72 0.75 

4 2 4 0.95 0.67 0.83 0.62 

6 2 4 0.83 0.78 0.79 0.67 



158 

 

8 2 4 0.57 1.28 0.98 1.13 

11 2 4 0.72 0.67 0.97 0.72 

Table F-2. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

13 2 4 1.08 1.03 0.82 1.34 

15 2 4 0.85 0.67 0.83 0.69 

1 2 5 0.25 0.30 0.51 0.58 

2 2 5 0.63 0.69 0.40 0.57 

4 2 5 0.54 0.53 0.42 0.59 

6 2 5 0.39 0.18 0.12 0.37 

8 2 5 0.61 0.20 0.54 0.14 

11 2 5 0.56 0.50 0.68 0.65 

13 2 5 0.44 0.13 0.34 0.62 

15 2 5 0.23 0.13 0.32 0.34 

1 2 6 0.70 0.82 0.60 0.62 

2 2 6 1.33 0.57 0.90 0.69 

4 2 6 0.40 0.83 0.29 0.32 

6 2 6 0.40 0.49 0.90 0.62 

8 2 6 0.50 1.30 0.78 1.12 

11 2 6 0.96 0.81 0.81 0.84 

13 2 6 0.59 0.71 0.85 0.61 

15 2 6 0.41 0.46 0.28 0.33 



159 

 

Note. Unit of measurement are: root mean square (no units). 
N = subject number. Group: 1 = control and 2 = 
experimental. Cond = condition.  
 

Table F-3.  
 
Anterior-Posterior Center of Pressure Approximate Entropy 

Data  

 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

3 1 1 0.66 0.71 0.77 0.63 

5 1 1 0.78 0.32 0.32 0.37 

7 1 1 0.80 0.57 0.50 0.29 

9 1 1 0.80 0.46 0.73 0.44 

10 1 1 0.59 0.24 0.37 0.62 

12 1 1 0.60 0.60 0.30 0.48 

14 1 1 0.55 0.62 0.60 0.98 

16 1 1 0.67 0.77 1.36 0.83 

3 1 2 0.37 0.56 0.61 0.38 

5 1 2 0.77 0.84 0.84 0.63 

7 1 2 0.81 0.69 0.72 0.71 

9 1 2 0.92 0.92 0.95 0.77 

10 1 2 0.37 0.31 0.33 0.58 

12 1 2 0.66 0.38 0.52 0.53 

14 1 2 0.47 0.77 0.77 0.69 

16 1 2 0.70 0.61 0.84 0.89 
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3 1 3 0.68 0.65 0.55 0.53 

5 1 3 0.37 0.34 0.34 0.37 

 

Table F-3. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

7 1 3 0.60 0.58 0.54 0.49 

9 1 3 1.14 0.89 0.45 0.72 

10 1 3 0.44 0.31 0.28 0.49 

12 1 3 0.58 0.32 0.64 0.23 

14 1 3 0.54 0.32 0.58 0.46 

16 1 3 0.72 0.62 0.75 0.73 

3 1 4 0.76 0.71 0.88 0.74 

5 1 4 1.38 1.01 1.01 0.88 

7 1 4 0.76 0.93 0.89 1.05 

9 1 4 1.02 0.92 0.97 0.67 

10 1 4 0.78 0.61 0.82 0.75 

12 1 4 1.08 0.72 0.80 0.82 

14 1 4 1.12 1.07 1.27 0.95 

16 1 4 0.54 0.74 0.84 0.67 

3 1 5 0.48 0.67 0.79 0.56 

5 1 5 0.60 0.66 0.66 0.54 

7 1 5 0.67 0.80 0.68 0.30 
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9 1 5 0.79 0.47 0.69 0.55 

10 1 5 0.44 0.22 0.44 0.72 

12 1 5 0.65 0.53 0.48 0.63 

Table F-3. (continued) 

   Postural Assessment Hour 

N Group Cond     

14 1 5 0.24 0.56 0.47 0.82 

16 1 5 0.48 1.17 0.70 0.53 

3 1 6 0.64 0.35 1.15 0.39 

5 1 6 0.93 0.74 0.74 0.70 

7 1 6 0.97 0.88 0.96 0.96 

9 1 6 0.59 0.59 0.62 0.36 

10 1 6 0.34 0.37 0.62 0.45 

12 1 6 0.56 0.47 0.58 0.61 

14 1 6 0.71 0.63 0.88 0.59 

16 1 6 0.49 0.74 0.68 0.87 

1 2 1 0.53 0.39 0.50 0.66 

2 2 1 0.25 1.37 0.46 1.69 

4 2 1 0.76 0.80 0.70 0.88 

6 2 1 0.48 0.11 0.33 0.30 

8 2 1 0.35 0.91 0.68 0.37 

11 2 1 0.23 0.40 0.34 0.48 

13 2 1 0.51 0.55 0.83 1.05 
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15 2 1 0.18 0.15 0.07 0.10 

1 2 2 0.66 0.73 0.74 0.76 

2 2 2 0.70 0.43 0.39 0.62 

Table F-3. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

4 2 2 0.56 0.50 0.54 0.71 

6 2 2 0.42 0.47 0.55 0.47 

8 2 2 0.64 0.63 0.64 0.57 

11 2 2 0.57 0.57 0.91 0.68 

13 2 2 0.64 0.65 0.50 0.68 

15 2 2 0.41 0.47 0.42 0.39 

1 2 3 0.67 0.27 0.55 0.67 

2 2 3 0.70 0.59 0.62 1.06 

4 2 3 0.32 0.20 0.30 0.40 

6 2 3 0.27 0.15 0.36 0.43 

8 2 3 0.59 0.43 0.49 0.49 

11 2 3 0.43 0.58 0.54 0.71 

13 2 3 0.69 0.54 0.83 0.82 

15 2 3 0.33 0.61 0.59 0.63 

1 2 4 0.63 0.71 0.77 0.78 

2 2 4 0.49 0.30 0.42 0.47 

4 2 4 0.73 0.60 0.58 0.58 
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6 2 4 0.71 0.75 0.82 0.63 

8 2 4 0.91 0.80 0.77 0.72 

11 2 4 0.72 0.66 0.84 0.68 

Table F-3. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

13 2 4 0.74 0.90 0.83 1.01 

15 2 4 0.84 0.71 0.75 0.70 

1 2 5 0.69 0.43 0.57 0.71 

2 2 5 0.69 0.78 0.83 1.13 

4 2 5 0.88 0.67 0.55 1.13 

6 2 5 0.55 0.30 0.25 0.53 

8 2 5 0.91 0.44 0.36 0.24 

11 2 5 0.68 0.10 0.59 0.45 

13 2 5 0.69 0.52 0.67 1.17 

15 2 5 0.12 0.08 0.28 0.47 

1 2 6 0.49 0.70 0.58 0.58 

2 2 6 1.02 0.15 0.39 0.59 

4 2 6 0.30 0.52 0.27 0.40 

6 2 6 0.45 0.43 0.25 0.51 

8 2 6 0.65 0.74 0.50 0.51 

11 2 6 0.84 0.62 0.62 0.68 

13 2 6 0.63 0.63 0.75 0.53 
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15 2 6 0.32 0.37 0.25 0.27 

Note. Unit of measurement are: root mean square (no units). 
N = subject number. Group: 1 = control and 2 = 
experimental. Cond = condition.  
 

Table F-4.  
 
Medial-lateral Center of Mass Root Mean Square Data  

 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

3 1 1 4.34 3.77 4.30 4.81 

5 1 1 4.34 3.63 1.86 1.78 

7 1 1 2.32 1.74 3.84 9.78 

9 1 1 3.66 4.14 4.07 5.21 

10 1 1 3.46 3.71 7.61 5.87 

12 1 1 3.24 3.74 3.22 3.61 

14 1 1 4.94 4.73 5.09 4.30 

16 1 1 5.29 1.72 1.77 2.92 

3 1 2 8.29 6.38 6.10 6.93 

5 1 2 8.25 6.05 6.05 5.35 

7 1 2 5.49 5.98 5.96 5.65 

9 1 2 5.87 3.80 6.07 4.95 

10 1 2 12.77 9.54 11.03 5.94 

12 1 2 6.42 5.33 5.68 3.98 

14 1 2 5.16 4.15 2.39 3.58 

16 1 2 4.59 5.60 3.37 4.38 
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3 1 3 2.71 4.12 3.23 4.45 

5 1 3 3.33 6.05 2.61 5.50 

7 1 3 3.54 3.01 4.69 9.74 

Table F-4. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

9 1 3 2.04 6.33 2.92 3.35 

10 1 3 7.47 4.13 5.06 4.52 

12 1 3 3.68 2.66 2.25 2.41 

14 1 3 3.35 9.21 9.25 9.25 

16 1 3 2.49 2.96 1.11 3.53 

3 1 4 9.78 9.56 8.65 8.58 

5 1 4 8.09 10.80 12.28 8.46 

7 1 4 7.56 8.43 6.23 6.23 

9 1 4 8.41 5.94 9.03 6.35 

10 1 4 14.17 12.44 11.18 7.74 

12 1 4 6.43 6.17 5.59 5.47 

14 1 4 20.27 9.21 9.25 6.42 

16 1 4 5.02 4.18 4.48 4.35 

3 1 5 3.53 5.89 2.49 5.11 

5 1 5 12.30 3.82 3.95 4.44 

7 1 5 2.99 3.80 2.35 8.42 

9 1 5 3.80 3.64 5.44 2.08 
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10 1 5 6.42 4.19 2.44 3.05 

12 1 5 5.18 3.16 3.68 2.58 

14 1 5 6.20 6.34 4.88 2.91 

Table F-4. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

16 1 5 1.88 2.00 2.05 4.15 

3 1 6 5.72 11.58 3.25 5.73 

5 1 6 10.10 6.06 8.96 7.69 

7 1 6 3.05 4.60 6.56 7.07 

9 1 6 4.15 6.40 7.43 7.37 

10 1 6 9.49 10.00 3.14 7.39 

12 1 6 7.06 6.00 6.03 4.64 

14 1 6 5.28 2.91 2.09 4.60 

16 1 6 3.18 2.98 3.33 2.69 

1 2 1 2.73 6.24 7.55 2.81 

2 2 1 1.45 0.83 3.80 0.97 

4 2 1 4.80 2.59 8.40 3.07 

6 2 1 6.68 7.66 3.72 6.12 

8 2 1 5.09 5.62 4.77 4.43 

11 2 1 5.48 5.80 5.74 4.71 

13 2 1 6.83 3.44 3.69 1.84 

15 2 1 11.91 10.37 4.77 7.86 
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1 2 2 4.53 7.49 5.52 5.03 

2 2 2 7.34 5.01 7.80 6.33 

4 2 2 6.80 7.75 5.52 6.10 

Table F-4. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

6 2 2 8.63 6.05 7.00 5.34 

8 2 2 5.70 5.49 4.79 3.36 

11 2 2 6.39 6.04 7.22 5.83 

13 2 2 6.48 6.58 7.42 3.11 

15 2 2 11.37 8.32 8.58 13.82 

1 2 3 2.13 4.10 6.93 3.29 

2 2 3 2.62 2.43 2.49 1.57 

4 2 3 3.19 2.75 3.15 3.28 

6 2 3 3.80 4.92 3.83 5.39 

8 2 3 4.49 4.77 5.48 4.29 

11 2 3 3.70 5.90 2.97 3.58 

13 2 3 3.11 4.06 2.21 2.34 

15 2 3 5.00 7.45 6.17 10.78 

1 2 4 8.47 12.91 25.61 6.38 

2 2 4 10.30 13.49 16.61 10.71 

4 2 4 13.08 12.81 11.73 8.58 

6 2 4 9.62 8.58 17.44 11.22 
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8 2 4 8.16 5.90 5.01 2.98 

11 2 4 5.27 7.74 5.78 4.83 

13 2 4 11.97 11.28 18.06 6.70 

Table F-4. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

15 2 4 7.09 22.51 19.42 15.05 

1 2 5 8.72 9.18 6.61 2.16 

2 2 5 3.55 2.27 2.83 2.52 

4 2 5 2.92 2.17 4.56 2.44 

6 2 5 3.39 5.20 9.70 4.15 

8 2 5 2.22 6.16 2.60 8.91 

11 2 5 2.81 5.86 3.23 3.26 

13 2 5 3.76 6.51 4.53 2.13 

15 2 5 8.80 12.80 5.93 4.57 

1 2 6 7.74 4.82 6.44 6.44 

2 2 6 2.50 5.70 6.49 3.81 

4 2 6 6.72 5.22 5.97 8.48 

6 2 6 6.83 6.39 7.00 11.83 

8 2 6 4.35 3.27 3.88 3.70 

11 2 6 8.42 7.22 6.19 5.27 

13 2 6 6.31 4.27 3.55 5.29 

15 2 6 15.00 17.64 16.23 13.85 
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Note. Unit of measurement are: root mean square (no units). 
N = subject number. Group: 1 = control and 2 = 
experimental. Cond = condition.  
 

 

 

Table F-5.  
 
Anterior-Posterior Center of Mass Root Mean Square Data  

 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

3 1 1 0.98 0.78 0.90 1.23 

5 1 1 1.52 2.90 0.56 0.69 

7 1 1 1.64 0.99 0.68 3.12 

9 1 1 1.67 2.01 0.98 1.42 

10 1 1 1.34 2.90 2.33 1.70 

12 1 1 0.49 0.84 2.24 0.76 

14 1 1 1.38 2.58 3.71 1.15 

16 1 1 2.49 0.56 0.46 0.79 

3 1 2 2.75 2.66 2.01 2.87 

5 1 2 1.23 1.29 1.29 1.29 

7 1 2 2.95 2.09 2.85 2.79 

9 1 2 4.44 1.67 1.12 1.24 

10 1 2 1.97 3.16 2.60 2.35 

12 1 2 2.75 2.87 2.23 2.10 

14 1 2 2.61 2.63 2.38 1.44 

16 1 2 1.61 1.48 1.95 1.23 
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3 1 3 2.42 2.28 4.18 1.87 

5 1 3 14.71 7.27 9.56 4.53 

7 1 3 0.56 0.64 0.60 0.89 

Table F-5. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

9 1 3 1.26 1.76 1.58 1.09 

10 1 3 8.43 7.08 9.59 3.56 

12 1 3 3.02 3.10 1.15 3.17 

14 1 3 2.04 8.60 6.81 6.81 

16 1 3 0.86 0.95 0.64 0.89 

3 1 4 7.94 5.09 5.33 7.87 

5 1 4 10.57 9.97 7.92 6.83 

7 1 4 2.95 2.09 2.85 2.79 

9 1 4 7.29 5.48 5.74 4.11 

10 1 4 10.14 6.29 9.47 9.44 

12 1 4 9.49 8.95 10.43 6.26 

14 1 4 10.71 1.23 1.92 1.93 

16 1 4 2.44 2.08 1.94 1.57 

3 1 5 1.92 0.81 1.61 1.48 

5 1 5 2.90 1.80 1.58 2.78 

7 1 5 5.09 1.57 0.81 0.95 

9 1 5 1.49 1.74 1.12 1.09 
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10 1 5 3.13 6.75 1.64 0.95 

12 1 5 1.04 1.27 1.27 0.59 

14 1 5 5.18 1.25 1.32 0.42 

Table F-5. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

16 1 5 1.03 5.83 0.57 1.24 

3 1 6 1.56 1.48 2.24 2.19 

5 1 6 1.86 1.63 1.23 1.32 

7 1 6 2.20 3.49 2.26 2.75 

9 1 6 2.08 1.04 0.88 1.12 

10 1 6 3.23 4.27 1.83 3.53 

12 1 6 1.95 3.61 2.39 2.44 

14 1 6 3.73 0.95 0.51 0.70 

16 1 6 1.22 1.09 0.82 0.79 

1 2 1 1.71 4.22 2.02 10.65 

2 2 1 1.74 0.29 1.06 0.20 

4 2 1 1.39 0.95 2.50 1.12 

6 2 1 1.38 3.07 1.78 1.16 

8 2 1 2.19 0.88 0.89 1.00 

11 2 1 2.58 2.45 3.15 1.37 

13 2 1 1.46 0.99 0.65 0.57 

15 2 1 13.07 12.08 1.89 11.84 
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1 2 2 2.66 2.36 2.56 1.28 

2 2 2 1.26 1.32 0.85 1.49 

4 2 2 3.08 1.40 3.51 2.43 

Table F-5. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

6 2 2 1.92 2.70 0.89 1.08 

8 2 2 3.07 0.88 1.49 1.56 

11 2 2 1.08 3.32 3.46 2.22 

13 2 2 3.04 1.59 1.01 0.58 

15 2 2 2.55 4.88 4.13 3.51 

1 2 3 2.06 1.29 2.61 1.46 

2 2 3 1.94 1.12 1.60 0.45 

4 2 3 11.01 13.21 6.82 4.19 

6 2 3 16.98 13.41 7.01 3.22 

8 2 3 3.21 5.00 2.81 1.80 

11 2 3 2.04 2.25 2.01 1.10 

13 2 3 3.67 3.64 0.83 1.40 

15 2 3 4.23 5.87 3.92 2.01 

1 2 4 8.96 10.81 20.38 7.01 

2 2 4 3.40 4.70 5.29 2.13 

4 2 4 19.41 17.08 14.04 10.19 

6 2 4 15.63 22.08 23.65 13.32 
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8 2 4 4.50 1.84 2.91 1.65 

11 2 4 2.09 1.52 2.89 1.11 

13 2 4 5.52 5.95 7.26 3.92 

Table F-5. (continued) 

   Postural Assessment Hour 

N Group Cond 0 1 24 48 

15 2 4 7.89 13.51 15.70 10.02 

1 2 5 2.36 2.72 3.37 1.04 

2 2 5 0.79 0.57 0.27 0.37 

4 2 5 0.68 1.41 1.17 0.41 

6 2 5 1.07 1.26 1.39 1.45 

8 2 5 0.86 2.55 2.37 4.78 

11 2 5 1.51 1.68 1.74 2.30 

13 2 5 0.75 1.01 0.89 0.50 

15 2 5 3.01 21.93 5.97 7.02 

1 2 6 1.92 2.04 1.57 1.63 

2 2 6 0.50 0.69 0.66 0.70 

4 2 6 2.16 0.85 2.12 1.48 

6 2 6 1.73 1.77 2.01 1.90 

8 2 6 1.32 1.35 1.45 1.65 

11 2 6 1.55 2.57 2.66 1.10 

13 2 6 1.01 1.15 0.75 0.72 

15 2 6 9.82 4.13 2.73 2.59 
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Note. Unit of measurement are: root mean square (no units). 
N = subject number. Group: 1 = control and 2 = 
experimental. Cond = condition.  
 

 

 


