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Abstract 

 

Title of Dissertation:  Interlimb coordination and neural substrates of complementary bilateral 

arm movements in young and old individuals 

Elizabeth J. Woytowicz, Doctor of Philosophy, 2017 

Dissertation Directed by: Jill Whitall, Ph.D., Professor, Department of Physical Therapy and 

Rehabilitation Science, University of Maryland School of Medicine, 

Baltimore, MD.  

Understanding deficits in bilateral arm coordination with aging is essential given that everyday 

activities rely primarily on bilateral movements. A model of motor lateralization, based on 

unilateral movements, suggests that the left hemisphere is specialized for predicting task dynamics 

and the right hemisphere is specialized for impedance control. These arm-hemisphere 

specializations have been suggested to provide the mechanism for complementary bimanual 

coordination of the right (dominant) arm for reaching, and the left (non-dominant) arm for 

stabilizing. Aging has been shown to reduce lateralization of both cognitive and motor tasks. The 

overall objective of this thesis was to investigate the effect of hemispheric specializations during 

bilateral coordination in young and old non-disabled individuals. We hypothesized that these arm-

hemisphere specializations would be expressed during complementary bilateral tasks in young 

adults and reduced in older adults. To test this hypothesis, young and old right-hand dominant 

individuals, completed a bilateral coordination paradigm in which one arm maintained its spatial 

position and the other arm performed a center-out reaching task with a spring affixed between the 

arms (conditions: right reach – left stabilize, right stabilize – left reach). Movement performance 

of reaching and stabilizing was compared across arms and age-group using both kinematic and 

dynamic variables. To identify the neural substrates underlying complementary bilateral 



coordination, effective connectivity of a bilateral motor network was investigated using fMRI. 

Subjects completed a modified version of the bilateral behavioral tasks and performed each task 

unimanually. In young adults, the right hand showed better reaching performance (less deviation 

from linearity) and the left hand stabilized better (less displacement). Movement performance of 

older adults illustrated a) reduced absolute performance; b) preserved asymmetry of reaching; and 

c) greater asymmetry of stabilizing, indicating an increase in motor lateralization. Finally, effective 

connectivity analyses illustrated a) greater intrahemispheric modulation for right reach – left 

stabilize bilateral task compared to greater interhemispheric modulation for the left reach – right 

stabilize bilateral task; b) reciprocal positive coupling between bilateral SMA for the right reach 

and left stabilize unilateral tasks; c) greater role for positive modulation from S1 to M1 for left vs. 

right stabilize tasks. 
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CHAPTER ONE: INTRODUCTION OF THE RESEARCH PROBLEM 

1.1 Statement of the Problem 

Aging is accompanied by deficits in motor function that impair performance of activities 

of daily living (ADLs) and the ability to maintain functional independence (Hortobagyi, Mizelle, 

Beam, & DeVita, 2003; Louis, Schupf, Marder, & Tang, 2006; Onder et al., 2005; Seidler, Alberts, 

& Stelmach, 2010; Sorond et al., 2015). The quality of performance in ADLs is largely affected 

by age-related deficits of the upper extremities, yet there has been limited investigation of the 

effects of aging on functional movements of the arms and hands. Understanding deficits in bilateral 

arm coordination with aging is essential given that everyday activities rely extensively on bilateral 

movements (Bailey, Klaesner, & Lang, 2015; Kilbreath & Heard, 2005). Prior investigations in 

older adults have illustrated that bilateral coordination, in which both arms are performing the 

same movement,  is less accurate and more variable in older adults (Seidler et al., 2010), with the 

greatest deficits observed during antiphase vs. inphase bilateral tasks (Bangert, Reuter-Lorenz, 

Walsh, Schachter, & Seidler, 2010; Lee, Almeida, & Chua, 2002; Swinnen, 1998; Wishart, Lee, 

Murdoch, & Hodges, 2000), requiring simultaneous or alternating similar movements of each arm. 

Most bilateral movements, however, require complementary, yet different, actions of each hand 

(Bailey et al., 2015), such as holding a baguette with one hand and slicing it with the other.  

A model of motor lateralization, based on characterizations of unilateral movements, 

suggests that the left cortical hemisphere (controlling the dominant arm) is specialized for 

predicting task dynamics and the right cortical hemisphere (controlling the non-dominant arm) is 

specialized for impedance control (Sainburg & Kalakanis, 2000; Wang & Sainburg, 2007). These 

arm-hemisphere specializations have been suggested to provide the mechanism for complementary 

bimanual coordination of the right (dominant) arm for reaching and manipulating, and the left 
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(non-dominant) arm for stabilizing (Guiard, 1987; Johansson et al., 2006). Behavioral and imaging 

studies have identified age-related reductions in motor lateralization and hemispheric asymmetry 

during cognitive and motor tasks (Collins & Mohr, 2013; Paizis, Skoura, Personnier, & 

Papaxanthis, 2014; Przybyla, Haaland, Bagesteiro, & Sainburg, 2011; Wang, Przybyla, 

Wuebbenhorst, Haaland, & Sainburg, 2011). Because investigations of complementary bilateral 

movements have been relatively ignored in both young and older individuals, our understanding 

of the age-related changes in interlimb coordination dynamics underlying complementary bilateral 

coordination is limited. A better understanding of these mechanisms may lead to interventions to 

support the mitigation of upper extremity motor decline of normal aging and development of 

rehabilitation approaches for older adults with neuromotor disorders. 

1.2 Specific Aims 

The overall objective of this dissertation is to investigate the effect of hemispheric 

specializations during complementary bilateral coordination in young and old individuals. The 

central hypothesis is that specializations of the left hemisphere for predictive control and the right 

hemisphere for impedance control will be expressed during complementary bilateral tasks in 

young adults and will be reduced in older adults. 

1.2.1 Specific Aim 1: Determine arm-hemisphere specializations in reaching and stabilizing 

movement performance during complementary bilateral coordination in young non-disabled 

adults.  

Previous investigations of asymmetric arm-hemisphere specializations have utilized 

primarily unilateral or bilateral symmetric tasks. To build upon this previous work, we developed 

a complementary bilateral coordination paradigm. Dynamic coupling was achieved using a spring 

mechanism between the arms, in which one arm performed a center-out reaching task and the other 
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arm maintained its position. Thus, the reaching arm was required to control the spring load to make 

smooth and accurate trajectories and the stabilizing arm was required to impede the spring load to 

keep a constant position. We hypothesized asymmetries in arm-hemisphere specializations with 

superior use of the right (dominant) hand for reaching and left (non-dominant) hand for stabilizing. 

We predicted that these asymmetries would illustrate optimal kinematic performance of right arm 

while reaching (less deviation from linearity), left arm while stabilizing (less cumulative distance), 

and left (vs. right) arm muscle torques more effectively countering imposing spring torques while 

stabilizing. 

1.2.2 Specific Aim 2: Determine arm-hemisphere specializations in reaching and stabilizing 

movement performance during complementary bilateral coordination in older compared to 

younger adults.  

A reduction in asymmetric lateralization with aging is well established within cognitive 

tasks (Collins & Mohr, 2013). The majority of current literature suggest that this reduction also 

occurs for motor control (Paizis et al., 2014; Przybyla et al., 2011; Wang et al., 2011), with a few 

studies that suggest asymmetry is maintained with aging (Chua, Pollock, Elliott, Swanson, & 

Carnahan, 1995; Pan & Van Gemmert, 2013; Rosenbaum, 1980). Therefore, we sought to 

determine if asymmetry in complementary bilateral coordination was reduced or preserved in older 

adults. We hypothesized that older adults would demonstrate reduced asymmetric specializations 

of each arm, due to diminished hemispheric lateralization of motor control mechanisms. Using the 

same bilateral task described for Aim 1, we predicted that these age-related differences would be 

illustrated as reductions in left versus right arm differences in terms of kinematic performance for 

reaching and kinematic and dynamic performance for stabilizing when performing the bilateral 

tasks in older compared to younger adults. 
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1.2.3 Specific Aim 3: Identify and compare the neural networks specific to performing a 

complementary bilateral task in young adults.  

To identify the neural substrates specific to complementary bilateral coordination, effective 

connectivity of a previously identified bilateral cortical network of core motor regions was 

investigated using functional magnetic resonance (fMRI). Subjects completed a modified version 

of the bilateral behavioral task in addition to performing the tasks of each hand unimanually. The 

addition of effective connectivity analysis provided a dynamic characterization of intrinsic and 

task-dependent influences that a particular brain area exerted over another (Friston, Harrison, & 

Penny, 2003). We hypothesized that young adults would demonstrate facilitatory intra-

hemispheric and inhibitory inter-hemispheric coupling between cognitive and sensorimotor areas 

related to the distinct task performed by each hand. 

1.3 Organization of Dissertation 

This dissertation is organized into six chapters. In chapter two, we provide an overview of 

the behavioral and neural evidence of age-related declines in bilateral coordination. First, the 

review defines the two major forms of bilateral coordination (symmetric and non-symmetric) and 

divides these into further sub-groupings of tasks. These definitions were used to describe and 

compare all bilateral coordination tasks throughout the dissertation. Age-related changes specific 

to both types of tasks and the effect of age-related changes in motor lateralization may have on 

bilateral coordination deficits are discussed. In addition, the review describes the current literature 

related the contribution of cognitive, sensory, and cortical changes with age that may relate to 

bilateral deficits, as well as changes in the motor learning of bilateral tasks. Further, the review 

discusses this evidence regarding implications of these deficits on function and physical 

rehabilitation. 
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Our main purpose was to investigate the effect of hemispheric specializations during 

complementary bilateral coordination in young and old individuals. To this end, the first 

experiment (Specific Aim 1) sought to determine arm-hemisphere specializations in reaching and 

stabilizing movement performance during complementary bilateral coordination in young non-

disabled adults. We present findings from this first study in Chapter 3, “Asymmetric arm-

hemisphere specializations in reaching and stabilizing movement performance during 

complementary bilateral coordination.” Part one of this study demonstrated lateralization of 

predictive and impedance mechanisms, reflected by interlimb differences in control of a 

complementary bilateral task with the right (dominant) arm specialized for reaching and left (non-

dominant) arm specialized for stabilizing. Part two of this study illustrated that greater 

displacement of the right arm while stabilizing was not “coupled” with the left reaching arm. 

Rather, the right arm ineffectively countered interaction torque traversed by the trunk from the 

reaching arm. The second experiment (Specific Aim 2) aimed to determine arm-hemisphere 

specializations in reaching and stabilizing movement performance during complementary bilateral 

coordination in older compared to younger adults. We present findings from this study in Chapter 

4, “Age-related changes in asymmetric arm-hemisphere specializations in reaching and stabilizing 

movement performance during complementary bilateral coordination.” This study demonstrated 

that a) specialization of the right (dominant) arm for predictive control and left (non-dominant) 

arm for impedance control were preserved with aging; and b) interlimb differences were greater 

in older than younger adults, indicating an increase rather than a decrease in this aspect of motor 

lateralization. We then sought to identify and compare the neural networks specific to performing 

a complementary bilateral task in young adults (Specific Aim 3). Results from this experiment are 

described in Chapter 5, “Unilateral and bilateral arm-hemisphere specializations and task specific 
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modulation of the motor system.” This study demonstrated a) predominantly intra-hemispheric 

modulation during the right reach, left stabilize task compared to interhemispheric modulation 

between all areas during the left reach, right stabilize task; b) positive interhemispheric coupling  

between bilateral supplementary motor areas for unilateral right reach and unilateral left stabilize 

tasks; and c) positive modulation of the right primary motor area from right S1 for the unilateral 

left stabilize and the bilateral right reach, left stabilize task. Finally, in Chapter 6, we provide a 

general discussion of the experiment findings, limitations, and future directions of this research. 
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CHAPTER 2: AGE-RELATED CHANGES IN BILATERAL UPPER EXTREMITY 

COORDINATION1 

2.1 Abstract  

Although evidence exists that changes in sensorimotor function occur with aging, changes 

in the bilateral coordination of the upper extremities are less understood. Here, we review the 

behavioral and neural evidence of declines in bilateral coordination as well as the implications 

these deficits have on function and physical rehabilitation. We begin with an introduction to the 

two major forms of bilateral coordination, symmetric and non-symmetric, and their sub-groupings. 

After discussing the motor performance changes with age in symmetric tasks, we address age-

related changes in motor lateralization that may affect the bilateral coordination of non-symmetric 

coordination. This is followed by a discussion of the contributions of cognitive, sensory, and 

cortical changes with age that influence and underlie bilateral motor performance. Finally, age-

related changes in motor learning of bilateral movements are also considered. In general, most 

age-related changes are found in complex symmetric movements but, surprisingly, there is a dearth 

of information about changes in the more challenging and ubiquitous non-symmetric bilateral 

movements. Future investigations should focus on broadening the understanding of age-related 

changes in complex, functionally relevant bilateral movements, such that the real-world 

implications of these changes may be derived.  

2.2 Introduction  

As we age, it is easy to see the physical effects on our ability to walk, run, and our effort 

to reduce the possibility of falling; but it is more difficult to notice the changes in upper extremity 

                                                      
1 Woytowicz EJ, Whitall J, Westlake KP. (2016). Age-related changes in bilateral upper 

extremity coordination. Current Geriatric Report, 1-9. 
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function and the impact on everyday life. Upper extremity motor function has been identified as 

an important predictor of both disability and mortality (Gale, Martyn, Cooper, & Sayer, 2007; 

Ostwald, Snowdon, Rysavy, Keenan, & Kane, 1989). Since everyday activities rely primarily on 

bimanual movements in both young and older adults (Bailey et al., 2015; Kilbreath & Heard, 

2005), an understanding of the age-related impairments in bilateral arm coordination leading to 

functional limitations in the activities of daily living is essential (Hortobagyi et al., 2003; Onder et 

al., 2005; Seidler & Stelmach, 1995). Age-related deficits in bilateral coordination not only 

represent a significant functional problem for older individuals (Kilbreath & Heard, 2005), but 

also correlate with dementia and early-stage Alzheimer’s disease (Kluger et al., 1997; Scherder, 

Dekker, & Eggermont, 2008; Verheij et al., 2012). Specifically, declines in bilateral hand motor 

function were found to be indicative of cognitive impairments and therefore assessment of bilateral 

hand function may contribute to the differentiation and early diagnosis of dementia subtypes 

(Scherder et al., 2008). For this review, we focus on age-related changes in the control of bilateral 

task performance. We begin with a description of the different forms of bilateral coordination, 

followed by a review of age-related changes within each form. Next, we discuss changes in key 

contributors to bilateral control, including cognition, sensation, and cortical structure and function. 

Finally, we will consider the age-related changes in motor learning of bilateral tasks and the 

implications these changes have for rehabilitation. We acknowledge that declines in motor 

performance with age result from the degeneration of multiple interacting central and peripheral 

systems (Bayram, Siemionow, & Yue, 2015; Seidler et al., 2010; Sorond et al., 2015). However, 

peripheral changes, such as loss of muscle strength, are not directly covered in this review since 

loss of muscle mass in both arms does not necessarily affect bilateral coordination.  
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2.3 Forms of Bilateral Coordination  

There are different ways of categorizing bilateral tasks. Here, we define five different forms 

(Figure. 1), which can be broadly divided into symmetric and non-symmetric coordination patterns 

(Hoyer & Bastian, 2013; Winstein, Wing, & Whitall, 2003). Symmetric coordination patterns 

require that each hand performs the same activity and is made up of inphase, antiphase, or complex 

phasing movements. In-phase movements require simultaneous mirror-image spatial and temporal 

movement of each arm, such as opening a drawer or carrying a tray. Antiphase movements require 

temporal alternation of spatially symmetric movements of each arm, such as walking or using a 

steering wheel when driving. Complex phasing includes spatially similar movements with 

irregular timing (such as 2:1 movement repetition or out-of-phase rhythm), unequal amplitudes, or 

unequal forces. Functionally, these patterns are found mostly in music, such as playing the drums 

or piano. Non-symmetric coordination patterns, on the other hand, have different spatial, timing, 

and force requirements of each arm. These movements may reflect independent goals for each 

arm, such as holding and steadying a cup while opening a door, or complementary goals of each 

arm, such as cutting meat using a knife and fork in each hand. During complementary movements, 

task functions of each hand typically involve the dominant hand acting as the manipulator and the 

non-dominant hand acting as the supporter or stabilizer (Hoyer & Bastian, 2013). However, most 

bilateral coordination investigations focus on symmetric tasks (Kelso, 1984, 1995; Swinnen, 

2002).  

2.4 Motor Performance Deficits of Symmetric Tasks  

In general, performance accuracy in maintaining stable coordination between the arms is 

more affected in older compared to young adults, particularly as the complexity of coordination 

demands increase. Symmetric bilateral task demands are typically broken down to include 
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movement frequency (speed), phase, force, and amplitude (distance). Phase refers to the relative 

timing of one arm with respect to the other arm whereby in-phase is simultaneous, antiphase is 

alternating, and complex phasing is irregular. Stability is an indicator of accuracy and refers to the 

ability to accurately maintain spatial and phase requirements as movement speed increases. Phase 

demands also interact with movement speed in that phase transitions between unstable and stable 

coordination states are modulated by movement frequency (Schoner, Haken, & Kelso, 1986). For 

example, as movement speed increases, antiphase movements switch to in-phase movements and 

this transition occurs at lower movement speeds as the complexity of the phasing between the 

hands increases. Although the investigation of symmetric movements within the context of these 

task demands may not appear functionally relevant, they represent important components of 

bilateral coordination.  

 
Figure 2.1 Forms of bilateral coordination 

 

With respect to movement frequency, declines in the ability to maintain a target pace have 

been identified beyond a simple slowing in movement execution with age. In a comparison 
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between unilateral and bilateral in-phase and complex phasing reaches to near and far targets, older 

adults demonstrated significantly increased movement time for all tasks and greater asynchrony 

while initiating the bilateral tasks compared to young adults (Stelmach, Amrhein, & Goggin, 

1988). This age-related difference becomes more apparent during antiphase tasks as speed 

increases. In a comparison of in-phase and antiphase tasks (shoulder abduction/ external rotation, 

adduction/internal rotation) performed at varying movement speeds, older adults performed 

similarly to young adults during in-phase coordination at all speeds and antiphase coordination at 

slow speeds (Wishart et al., 2000). However, during faster movement speeds, only older adults 

failed to maintain the stable antiphase movement pattern (Wishart et al., 2000). The effects on 

antiphase and complex phasing coordination have also been illustrated through the influence of 

force output demands. In addition to a reduction of handgrip maximum voluntary contraction 

(MVC), older adults take significantly longer to alternate grip forces between the two hands at 

multiple equal and unequal percentages of their MVC (Lin et al., 2014). The above evidence 

illustrates an age-associated reduction in the stability of phasing accuracy with increased task 

demands, such as faster movement speeds and increased force demands.  

The ability to maintain phase stability during symmetrical movements reveals further 

bilateral coordination deficits with age. Summers and colleagues (Summers, Lewis, & Fujiyama, 

2010) compared the performance of young and older adults during continuous and intermittent 

bimanual circle drawing. Using their index fingers, participants continuously traced the 

circumference of circle templates for the continuous task and paused after the completion of each 

circle for the more complex intermittent task. Both tasks were performed during in-phase (left 

hand clockwise, right hand anti-clockwise) and antiphase (both hands anti-clockwise) coordination 

modes at both preferred and fast (50% greater than preferred) movement frequencies. For 
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continuous circle drawing, older adults demonstrated performance similar to young adults for both 

coordination modes and movement frequencies. For intermittent circle drawing, older adults 

performed similarly to young adults during the in-phase coordination mode, but demonstrated 

greater temporal and spatial error during the antiphase mode, regardless of frequency (Summers 

et al., 2010). Temprado and colleagues (Temprado, Vercruysse, Salesse, & Berton, 2010) 

investigated the effects of aging on phase transition stability for in-phase and antiphase 

coordination patterns (forearm pronation) by manipulating movement frequency. Overall, as 

movement frequency increased, the number of phase transitions and movement variability away 

from the target frequency increased and the time-to-transition between phases decreased. 

Compared to young adults, older adults demonstrated phase transitions from antiphase to in-phase 

at lower frequency thresholds, more transitions with less time-to-transition at all frequency levels, 

and greater movement variability at the highest frequency (Temprado et al., 2010). In general, 

greater age-related changes in phasing accuracy are observed during greater temporal demands.  

2.5 Motor Performance Deficits of Non-Symmetric Tasks  

Non-symmetric coordination tasks are more complex and require the largest processing 

demands compared to symmetrical coordination modes. During these movements, interference 

between the arms occurs when each arm produces movements with different amplitudes, 

directions, frequencies, or forces, requiring higher levels of motor skill and flexibility (Mechsner, 

Kerzel, Knoblich, & Prinz, 2001; White & Diedrichsen, 2010). Despite their functional relevance, 

there are no direct investigations of age-related changes to non-symmetric coordination patterns. 

Nevertheless, changes to motor lateralization might provide some insight into possible deficits in 

complementary non-symmetric bilateral tasks.  
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Fundamental investigations of motor control have focused on lateralized function for over 

a century (Elliott & Roy, 1996; McManus, 1985; Sainburg & Kalakanis, 2000; Woodworth, 1899). 

Earlier studies suggested that the preferred hand moves faster, is more accurate at faster speeds, 

and more consistent in force production (Carson, Chua, Elliott, & Goodman, 1990; Peters, 1980; 

Todor & Cisneros, 1985; Woodworth, 1899). More recently, the view of a dominant left 

hemisphere specialization of motor function has shifted to the idea that the left and right 

hemispheres are specialized for different aspects of motor control (Mutha, Haaland, & Sainburg, 

2013; Sainburg, 2005). More specifically, this dynamic-dominance hypothesis posits that (1) the 

left hemisphere is specialized for predictive mechanisms, specifying efficient and smooth 

trajectories under stable environmental conditions, and (b) the right hemisphere is specialized for 

impedance control that is robust to unstable environmental conditions. These hemisphere 

specializations are believed to provide the basis for behavioral observations of complementary 

roles during bimanual coordination of the right (dominant) arm for reaching and manipulating and 

the left (non-dominant) arm for stabilizing (Guiard, 1987; Peters, 1994). Hand dominance has been 

shown to influence bilateral coordination in young adults, such that individuals with a reduced 

lateral preference demonstrate a bilateral performance advantage (Kourtis, De Saedeleer, & 

Vingerhoets, 2014) and that arm specializations interfere with the performance of symmetrical 

tasks (Dounskaia, Nogueira, Swinnen, & Drummond, 2010).  

Current evidence both supports and challenges the idea that motor lateralization changes 

with age. Many studies demonstrate age-related reductions in motor lateralization, including 

attenuation of hand dominance with a shift towards ambidexterity (Kalisch, Wilimzig, Kleibel, 

Tegenthoff, & Dinse, 2006), reduced laterality during imagined (mental) actions (Paizis et al., 

2014), and reduced asymmetry during multidirectional reaching movements (Przybyla et al., 
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2011). In contrast, others have failed to identify age-related changes in hand laterality when tasks 

were broken down into movement stages of preparation and execution (Chua et al., 1995). A 

simple unimanual pointing task using a pre-cueing paradigm (Rosenbaum, 1980) illustrated a right 

(dominant) hand advantage for execution speed and left (non-dominant) hand advantage for 

preparation speed across young, middle age, and older individuals, suggesting that motor 

lateralization may be preserved with aging (Chua et al., 1995). The transfer effect of sensorimotor 

skills from the trained arm to the untrained arm (i.e., interlimb transfer), which is commonly found 

in young adults, also demonstrates conflicting results. While one study identified an age-related 

reduction in interlimb transfer of visuomotor adaptation during unimanual reaching (Wang et al., 

2011), another illustrated a preservation of interlimb transfer during a multidirectional drawing 

task (Pan & Van Gemmert, 2013). Despite conflicting results of these preceding studies, it is 

important to note that the evidence is based solely on unimanual motor tasks. Therefore, it is not 

yet clear whether or how age-related changes in motor lateralization will affect bilateral 

coordination tasks. Further, due to changes at the cortical level, motor lateralization may 

differentially influence bilateral coordination in older compared to young adults. For example, 

age-related reductions in white matter (WM) volume and unilateral motor function illustrated 

reduced structural evidence of motor lateralization, possibly due to neural dedifferentiation 

(Koppelmans, Hirsiger, Mérillat, Jäncke, & Seidler, 2015).  

2.6 Change in Cognitive Contributions  

Evidence that bilateral coordination deficits are most evident during increased task 

demands may reflect the increased cognitive processing involved in such tasks. In other words, 

increases in movement frequency or phasing requirements seem to reach a threshold by which age-

related cognitive changes cannot sustain accurate performance (Schoner et al., 1986; Stelmach et 
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al., 1988; Summers et al., 2010). Bangert and colleagues found that older adults demonstrated the 

greatest impairment during antiphase compared to in-phase repetitive finger tapping, and 

performance of this condition correlated with self-reported executive dysfunction (Bangert et al., 

2010). These findings align with the idea that the increased cognitive demands of bilateral 

coordination (Swinnen & Wenderoth, 2004) may magnify age-related bilateral coordination 

differences due to the known cognitive declines with aging (Bangert et al., 2010). In this respect, 

the link between bilateral deficits and dementia and Alzheimer’s is not surprising (Scherder et al., 

2008; Verheij et al., 2012). Declines in complex bilateral hand movements (e.g., Purdue Pegboard 

assembly test) have been shown to reliably differentiate individuals with mild cognitive 

impairment and individuals with Alzheimer’s disease from those with typical age-related declines 

(Kluger et al., 1997; Scherder et al., 2008).  

2.7 Changes in Sensory Contributions  

The accuracy of bilateral coordination is largely dependent on perceptual information 

(Hoyer & Bastian, 2013; Mechsner et al., 2001).  In view of declines in peripheral sensory afferent 

and cognitive processing, age-related deficits in sensory integration may likely contribute to 

bilateral coordination deficits.  

With regard to vision, an age effect to bilateral performance is dependent on the amount 

and type of available visual information. To assess the influence of visual information on force 

adaptation, performance of a complex phasing force coordination task (varying force contributions 

of a sum force by each index finger) was compared across age groups for task conditions with high 

and low visual information levels (Hu & Newell, 2011). Performance error and variability 

improved with higher visual information levels for both age groups, suggesting that increased 

reliance on visual information can compensate for age-related declines in bilateral performance. 
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However, the accuracy of force adaptation was reduced for older adults during task conditions 

with low visual information and greater force differences between the hands, illustrating a limit to 

the age-related compensation. How visual attention is directed also affects bilateral coordination 

(Boisgontier et al., 2014). Performance of a bimanual tracking task under different visual 

conditions (central, peripheral, full, or no vision) of either voluntary or passive movements 

illustrated similar general effects of visual and task condition of both age groups, although older 

adults were either more impaired or adapted less with different visual information. Specifically, 

conditions with central visual attention to the active limb impaired performance in both groups, 

but more so in the older adults, while central vision to the passive limb improved performance in 

both groups, but less so in older adults. However, it should be noted that the reliance on 

proprioceptive information likely changed under different visual conditions as well, which has 

previously been shown to contribute to these age differences in bilateral perception (Boisgontier 

& Swinnen, 2015).  

A recent study utilized both behavioral and neural methods to investigate how visual and 

auditory sensory information can improve motor performance of in-phase and antiphase bilateral 

finger tapping. Performance was more accurate and less variable during conditions with only 

auditory and auditory plus visual information compared to only vision or no added sensory 

information. Electroencephalography measures illustrated higher attentional and sensorimotor 

activation in older adults and similar perceptual activations in both young and older adults 

underlying the auditory stimulation advantage for improving bilateral coordination (Blais, Martin, 

Albaret, & Tallet, 2014). These results indicate that the auditory integration is retained in older 

adults, which supports the use of auditory cues as an adjunct to traditional and novel rehabilitation 

protocols aimed at improving bilateral motor training.  
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2.8 Changes in Cortical Contributions  

The neural activity of the motor system is comprised of task-specific combinations of 

excitatory and inhibitory influences within the motor network (Capaday, 2004). In general, older 

adults recruit increased brain areas (Goble et al., 2010; Heuninckx, Wenderoth, Debaere, Peeters, 

& Swinnen, 2005; Mattay et al., 2002) and demonstrate more pronounced interactions between 

brain regions to perform cognitive and motor tasks (Heitger et al., 2013; Ward, 2006). Similar to 

the age-related behavioral changes in bilateral coordination, the most substantial neural changes 

have been identified during tasks with increased spatiotemporal differences between the arms. In 

young adults, interhemispheric inhibitory interactions are essential for preventing interference 

from the opposite hemisphere during bilateral tasks (Goble et al., 2010; Rémy, Wenderoth, 

Lipkens, & Swinnen, 2008). As outlined below, structural and functional changes of these 

interhemispheric connections in older adults may, in some cases, provide a compensatory 

mechanism to maintain bilateral control with age.  

Increased reliance on interhemispheric connections to complete bilateral tasks occurs via 

the corpus callosum (CC) (Zaidel & Iacoboni, 2003). Several studies have demonstrated a 

relationship between age-related structural changes of the CC and bilateral coordination across a 

variety of tasks and temporal coordination demands. One recent study (Fling et al., 2011) 

investigated the relationship between age-related changes in CC structural integrity and 

performance accuracy of in-phase and antiphase bilateral finger tapping tasks (Bangert et al., 

2010). Overall, older adults demonstrated smaller anterior CC and reduced WM integrity 

compared to young adults (Fling et al., 2011). Surprisingly, for tasks with the largest 

interhemispheric processing demands, larger CC size and superior WM integrity related to worse 

motor performance in young adults, while the integrity of the same areas related to better 
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performance within the older adults. Similarly, a follow-up study found that better performance of 

bilateral force production tasks related to better CC integrity in older adults (Fling & Seidler, 

2012). CC integrity, in turn, was related to interhemispheric inhibitory (IHI) connections, which 

were reduced in older adults. Further, disinhibitory IHI’s between the two primary motor cortices 

(M1) assessed at both rest and during bilateral tasks were found to predict better bilateral task 

performance in older adults (Fling & Seidler, 2012; Fujiyama, Van Soom, Rens, Gooijers, et al., 

2016). These results are thought to reflect the altered interhemispheric interactions that are 

generally observed with aging such that young adults utilize (Maki, Wong, Sugiura, Ozaki, & 

Sadato, 2008), while older adults utilize interhemispheric facilitation during bilateral task 

performance (Fling et al., 2011; Heitger et al., 2013). 

Additional support for age-related interactions between neural structure and bimanual 

function was demonstrated by a comparison of the microstructural organization and integrity of 

seven CC sub-regions with behavioral tests of bimanual function (Serbruyns et al., 2015). 

Although performance was impaired for all bimanual tasks in older adults, an association between 

the behavioral outcomes and neural structure was identified. In general, greater WM integrity of 

the CC occipital region related to better bimanual fine motor skills and greater WM integrity of 

the premotor, primary motor, and sensory CC regions related to better performance on bilateral 

finger tapping, choice reaction, and complex visuomotor tracking tasks. In contrast, the 

relationship between WM integrity and performance was reduced in young adults, suggesting that 

the relationship between age-related changes to the CC and bilateral coordination are task-specific 

and likely occur within the cortical regions connected to these CC pathways.  

Other investigations have focused on age-related changes in brain functional connectivity 

as they relate to bilateral performance. For example, performance of a complex bimanual tracking 
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task (Sisti et al., 2011) was compared to changes in resting state functional connectivity of the 

sensorimotor network (Solesio-Jofre et al., 2014). Older adults demonstrated increased 

sensorimotor resting state functional connectivity, in which reductions in bimanual performance 

strongly related to increases in premotor functional connectivity (Solesio-Jofre et al., 2014). 

Kiyami and colleagues (2014) assessed differences in functional connectivity of the sensorimotor 

network during in-phase and antiphase bilateral finger tapping (Kiyama, Kunimi, Iidaka, & Nakai, 

2014). In young adults, inter- and intra-hemispheric task-specific connectivity are modulated by 

left dorsal premotor area (PMd) during in-phase and antiphase tasks. Older adults, in contrast, 

demonstrated reduced task-specific interhemispheric connections of left PMd during both tasks, 

while intrahemispheric connectivity from left PMd to left M1 was increased during the inphase 

task (Kiyama et al., 2014). Given the role of the PMd for motor planning and monitoring, these 

findings also suggest that older adults may have deficits in these processing stages, rather than 

motor execution. This altered functional specialization of the motor network may also provide a 

mechanism to explain the age-related motor lateralization reductions discussed earlier.  

Age-related declines in bilateral coordination are likely modulated by a combination of 

these structural and functional cortical changes. One recent study used structural, 

neurophysiological, and behavioral measures to assess interactions between structure (WM 

microstructure) and function (interhemispheric interaction) leading to age-related declines in 

bilateral control (Fujiyama, Van Soom, Rens, Gooijers, et al., 2016). In contrast to the functional 

connectivity studies discussed above, the results of this study suggested that PMd function was 

maintained with aging. Instead, older adults demonstrated a declined ability to modulate IHI 

between prefrontal areas and M1 during tasks with more complex phasing (Fujiyama, Van Soom, 

Rens, Gooijers, et al., 2016), providing further support for the link to cognitive declines with aging 
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(Bangert et al., 2010). Finally, older adults demonstrated an association between brain structure, 

neurophysiologic function, and bilateral performance while only neurophysiological function 

related to performance in young adults. Therefore, as the authors postulated, declines in WM 

integrity may lead to the altered interhemispheric interactions that are responsible for age-related 

bilateral coordination deficits (Fujiyama, Van Soom, Rens, Gooijers, et al., 2016).  

Altogether, the above evidence is in agreement that changes in the structure and function 

of interhemispheric connections predominantly contribute to age-related changes in bilateral upper 

extremity coordination. However, it is unclear whether this change is due to connections between 

premotor or cognitive areas, or a combination of both. Moreover, bilateral tasks requiring 

simultaneous actions of lateralized motor behaviors are likely represented by a more complex 

modulation of intra- and inter-hemispheric connectivity (Fujiyama, Van Soom, Rens, Cuypers, et 

al., 2016), which have yet to be identified.  

2.9 Motor Learning Implications for Rehabilitation  

Given the age-related bilateral coordination deficits and evidence in support of bilateral 

rehabilitation (Cauraugh & Summers, 2005; McCombe Waller & Whitall, 2008; Sainburg, Good, 

& Przybyla, 2013; Whitall, Waller, Silver, & Macko, 2000), it is important to examine age-related 

changes in bilateral motor learning to assess whether the deficits acquired by age, injury, or insult 

can be ameliorated.  

Although several studies have illustrated that motor learning is intact in older adults 

(Voelcker-Rehage, 2008), recent efforts have sought to identify whether bilateral motor learning 

is maintained with age. Two investigations used a bimanual sequence learning task to assess motor 

learning differences between young and older adults (Bhakuni & Mutha, 2015; Hoff et al., 2015). 

One used an implicit learning approach and illustrated no learning deficit in the older group 
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(Bhakuni & Mutha, 2015), while the other used an explicit learning approach and found that older 

adults demonstrated reduced motor learning (Hoff et al., 2015). These results corroborate prior 

unilateral evidence that implicit learning is preserved with aging while explicit learning declines 

(Verneau, van der Kamp, Savelsbergh, & de Looze, 2014). Switch cost times (change in response 

time when the sequence was switched between hands) were also examined (Bhakuni & Mutha, 

2015; Hoff et al., 2015). Older adults demonstrated greater switch cost times at baseline, which 

were thought to be reflective of reduced IHI or less asymmetric cortical activation for motor 

planning and execution. However, for one study, both young and older adults demonstrated no 

difference in switch costs between age groups following training (Hoff et al., 2015), suggesting 

that it may be possible to mitigate these deficits with training. Further investigation regarding the 

neural underpinnings of the divergent responses to different motor learning approaches is required.  

Several factors influence motor learning, such as task structure, complexity, and difficulty 

(Verneau et al., 2014), which have started to be addressed in the context of bilateral tasks. One of 

these variables is the so-called contextual interference effect. Blocked practice, in which a 

particular movement practiced over multiple repetitions, typically demonstrates greater initial 

performance changes, while random practice, in which different movement parameters or skills 

are practiced randomly, typically results in better skill retention (Pauwels, Swinnen, & Beets, 

2014). Pauwels and colleagues compared the influence of age on the contextual interference effect 

by having subjects learn a bimanual dial rotation task (Pauwels, Vancleef, Swinnen, & Beets, 

2015). Antiphase and complex symmetric movement patterns of this task were used as low and 

high task complexity variants. Results indicated that the effects of blocked and random practice 

schedules were the same for both age groups, as both groups demonstrated greater skill acquisition 
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that was retained after 1 week with the random practice compared to the blocked practice schedule, 

independent of task complexity levels.  

The extent to which motor learning of one task generalizes to the performance of another 

task provides an example of the effect of task context on motor learning. With respect to aging, 

the effects of bilateral ballistic training (rapid abductions of the index fingers) on subsequent 

unilateral training of the same task was assessed by comparing changes in bilateral and unilateral 

performance, corticospinal excitability, and intra-cortical inhibition (Hinder, Carroll, & Summers, 

2013). Strong transfer of motor learning between bilateral and unilateral tasks was evident in both 

young and older adults with increased acceleration of muscle activation during unilateral tasks 

following bilateral training, though changes were greater for young adults. While unilateral 

training appeared to result in greater increases in corticospinal excitability, these increases were 

not significant. Bilateral training, in contrast, resulted in a bilateral release of corticospinal 

inhibition only for the older adults. These results were thought to indicate that neural adaptations 

differ between unilateral and bilateral trainings and that bilateral training induces greater 

alterations to inhibitory circuits in older adults. Moreover, the results suggest that although 

training-induced gains were larger in young adults, the older adults retained similar between-task 

transfer effects.  

Observed differences in motor learning between young and older adults may be biased 

based on the task-specific performance measures used to compare groups. For example, results of 

a study assessing differences in motor learning of a fine motor bilateral fingertip force task 

paralleled other studies discussed, with poorer absolute performance in older adults but similar 

amounts of motor learning as demonstrated by equal performance changes (Vieluf, Godde, Reuter, 

Temprado, & Voelcker-Rehage, 2015). However, a more specific comparison of performance 
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measures revealed the greatest improvement on force amplitude for older adults and on temporal 

precision for young adults, suggesting age-related differences in acquisition strategy. Similarly, a 

study of motor learning of an antiphase bilateral task with augmented visual feedback found that, 

in addition to reduced performance, older adults also had reduced improvement rate of 

performance changes (Swinnen, 1998). At the same time, this study also manipulated visual (with 

vs. without) and proprioceptive (with vs. without vibratory stimuli of arm) sensory information. 

Movement patterns were more variable during task conditions without vision and with vibratory 

interference of proprioception, with greater performance deficits of the young adults. This 

indicates that motor learning may be preserved in older adults, though optimized differently. The 

aforementioned sensory influences on motor performance suggest that older adults may have 

adapted or compensated to changes in sensory function, such that they rely more on feedforward 

rather than feedback mechanisms (Swinnen, 1998).While these changes may contribute to motor 

learning changes, it is also important to consider the effects of individual and combined sensory 

modalities to bilateral motor performance.  

To summarize, it is important to consider age-specific opportunities to augment motor 

performance through bilateral motor learning, which is likely optimized differentially for older 

compared to young adults. Different performance changes following training suggest that there is 

an advantage to utilizing implicit motor learning approaches, given that implicit learning appears 

to be preserved with aging while explicit learning is not. Moreover, additional research is needed 

to determine how to best ameliorate age-related declines in bilateral coordination.  

2.10 Conclusions  

Age-related deficits observed during bilateral tasks occur during more complex bilateral 

tasks when there is greater interference and differences between movement demands of each arm. 
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Secondary changes that may underlie declines in bilateral control with aging are also observed in 

cognitive function and sensorimotor integration. Age-related changes to cortical contributions 

predominantly involve interhemispheric connections, which are important for performing more 

complex bilateral tasks with greater differences between each arm. Despite degradation of motor 

processes, some aspects of motor learning are preserved with aging, suggesting it may be possible 

to mitigate these motor declines through rehabilitation. Non-symmetric bilateral tasks have not 

been well characterized in non-disabled young or older adults, and addressing this knowledge gap 

is a useful step for guiding advancements in bilateral rehabilitation in older and neurological 

populations (Sainburg et al., 2013). Future research efforts should be directed not only on 

functional bilateral movements, but also on the age-related changes to the underlying systems 

contributing to these movements.  
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CHAPTER 3: ASYMMETRIC ARM-HEMISPHERE SPECIALIZATIONS IN 

REACHING AND STABILIZING MOVEMENT PERFORMANCE 

DURING COMPLEMENTARY BILATERAL COORDINATION 

3.1 Abstract 

 We have previously characterized interlimb and interhemispheric asymmetries for 

unilateral coordination tasks. This work has led to a model of motor lateralization in which one 

hemisphere is specialized for impedance control that is robust to unstable environmental 

conditions, while the other hemisphere is specialized for predictive mechanisms that can specify 

efficient and smooth trajectories under stable environmental conditions. We hypothesize that these 

two specializations are distributed across the arms during everyday bilateral tasks that involve 

holding and manipulating, such as when holding a baguette with one hand to slice it with the other 

hand. We predict that each hand should demonstrate different specializations for each of these task 

elements during bilateral behaviors. To test this hypothesis, we designed an experimental 

equivalent of the hold and slice task. In this task, performed in a virtual environment with the 

unseen arms supported by frictionless air-sleds, the arms are connected by a spring, while one hand 

maintains its position at the origin of the task, and the other moves to a series of targets distributed 

across a range of directions. Thereby, the reaching hand is required to take account of the spring 

load to make smooth and accurate trajectories, while the stabilizer hand must impede the spring 

load to keep a constant position. Right-handed subjects performed each of two sessions of this 

task, with the order of the sessions counterbalanced between groups. In one session, the right hand 

reached while the left hand stabilized, and the second session the left hand reached while the right 

hand stabilized. Our results indicate a hand by task component interaction, such that the right hand 

showed better reaching performance, showing less deviation from linearity than the left hand. In 
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contrast, the left hand stabilized better, showing less displacement than the right hand. These 

findings suggest that the specializations of each cerebral hemisphere for impedance and predictive 

mechanisms are expressed during bilateral interactive tasks, such as the reach and hold task.  

3.2 Introduction 

Investigations of motor control have investigated the lateralized function of the arms and 

hands for more than a century (Elliott & Roy, 1996; McManus, 1985; Sainburg & Kalakanis, 2000; 

Wang & Sainburg, 2007; Woodworth, 1899). While asymmetries in neural structure and functional 

activation have been well established and linked to behavioral performance asymmetries (Chen, 

Cohen, & Hallett, 1997; Chen, Gerloff, Hallett, & Cohen, 1997; Dassonville, Zhu, Ugurbil, Kim, 

& Ashe, 1997; Haaland & Harrington, 1989a, 1989b, 1994; Kawashima et al., 1993; Kawashima, 

Inoue, Sato, & Fukuda, 1997; Kawashima, Roland, & O’Sullivan, 1994; Kutas & Donchin, 1974; 

Macdonell et al., 1991; Viviani, Perani, Grassi, Bettinardi, & Fazio, 1998; Volkmann, Schnitzler, 

Witte, & Freund, 1998; Winstein & Pohl, 1995; York Haaland & Delaney, 1981) there has been 

little agreement about the control mechanisms that lead to manual asymmetries (Carson, 1993).  

Sainburg and colleagues have provided a model of motor lateralization that describes motor 

asymmetries, and has successfully predicted hemisphere-specific motor deficits in patients with 

unilateral cortical lesions (Mani et al., 2013; Mutha et al., 2013; Sainburg, 2014; Schaefer, 

Haaland, & Sainburg, 2009; Wang & Sainburg, 2007). The dynamic-dominance model posits that 

a) the left hemisphere, in right-hand dominant individuals, is specialized for predictive 

mechanisms that can specify efficient and smooth trajectories under stable environmental 

conditions, and b) the right hemisphere is specialized for impedance control that is robust to 

unstable environmental conditions. These arm-hemisphere specializations have been suggested to 

form the basis of behavioral observations of complementary roles during bilateral coordination of 
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the right (dominant) arm for reaching and manipulating, and the left (non-dominant) arm for 

stabilizing (Guiard, 1987; Johansson et al., 2006; Sainburg et al., 2013).  

One main tenant of the dynamic dominance model is the specialization of the hemisphere 

contralateral to the non-dominant arm for impedance control. Two previous studies have shown 

superior performance of the non-dominant arm in responding to and adapting to unpredictable 

dynamic perturbations (Bagesteiro & Sainburg, 2003; Yadav & Sainburg, 2014). These studies 

provided support for the idea that the non-dominant system is specialized, or dominant, for dealing 

with unexpected mechanical conditions, suggesting that the non-dominant arm does not simply 

reflect a less-adequate control system than the dominant arm. Research that has examined the 

effects of specific left- and right-hemisphere damage on control has extended the dynamic 

dominance model to a hemispheric specialization model (Mutha et al., 2013) that bears similarity 

to the hemispheric lateralization model introduced by Macneilage and Rogers, based on a large 

range of research across a broad range of vertebrate species, and including many neurobehavioral 

functions including cognitive, perceptual, and emotional systems. In this model (MacNeilage, 

Rogers, & Vallortigara, 2009), one hemisphere is specialized for behavior under predictable 

circumstances, while the other became specialized for dealing with an unpredictable environment. 

The more recent dynamic dominance model has proposed a mechanical-motor analog, in which 

the non-dominant system is specialized for impeding unpredictable perturbations and forces, while 

the dominant system is specialized for predicting the effects of impending mechanical conditions 

both within the musculoskeletal system and from the environment (Sainburg, 2014).  

While many studies have examined bilateral coordination during rhythmic and 

symmetrical activities of the arms, relatively few have examined the more natural context in which 

one arm stabilizes against the forces imposed by the activity of the other hand. Everyday examples 
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of this type of behavior include holding nails with one hand, while hammering with the other, 

holding a baguette with one hand, while slicing with the other, and opening a jar lid with one hand 

while stabilizing the jar with the other hand. The dynamic dominance model describes the 

distribution of function common in bilateral tasks, in which the non-dominant arm tends to 

stabilize an object acted upon the dominant arm. In fact, a recent study demonstrated that during 

bilateral reaching movements, the non-dominant arm was better able to compensate force 

perturbations induced by dominant arm actions, than vice versa. This suggests that the supporting 

role of the non-dominant arm occurs due to a specialized, not an inferior control strategy (Yokoi, 

Hirashima, & Nozaki, 2014). Here, we examine whether this model can describe the distribution 

of functional specialization during bilateral motor actions. This is important because most 

activities of daily living involve bilateral actions (Bailey et al., 2015; Kilbreath & Heard, 2005), 

and it has been suggested that daily activities recruit complementary roles of the right and left arms 

and hands (Bailey et al., 2015). 

The objective of the present study was to investigate how arm-hemisphere specializations 

that have been investigated during unilateral reaching tasks might be reflected in bilateral 

coordination tasks that require stabilization of one hand against forces imposed by the actions of 

the other hand. For this purpose, we developed a bilateral coordination paradigm in which one arm 

maintains its spatial position and the other arm performs a center-out reaching task with a spring 

affixed between the arms. Thus, the stabilizing hand is required to impede the spring load to 

maintain a constant position and the reaching hand was required to control the spring load to make 

smooth and accurate trajectories. Based on the dynamic dominance hypothesis, we predicted that 

the dominant arm should show specialization for reaching against the load, while the non-dominant 

arm should stabilize better. It is plausible, on the other hand, that the dominant arm will be superior 
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for all aspects of coordination in both roles, or that during bilateral tasks, the arms might act more 

symmetrically than during unilateral tasks (Kelso, 1984, 1995), resulting in symmetrical 

performance in both aspects of control. 

3.3 Methods: Study One 

3.3.1 Participants 

Twenty right-handed young adults, aged 21-35 years (mean = 27.4  2.8 years; 10 males 

and 10 females), participated in this study. The 13-item Edinburgh Handedness Inventory (EHI) 

(Oldfield, 1971) was used to confirm that all participants were right-hand dominant (i.e. laterality 

quotient of 80 or greater). Exclusion criteria included neurological disease such as stroke, 

Parkinson's disease, multiple sclerosis; significant musculoskeletal impairments including any 

upper extremity bone fractures occurring within the past 5 years, and/or soft tissue injuries that 

would affect performance of the motor task; and musicians, defined as anyone who plays or has 

played a musical instrument regularly (>1 hour/week) for an extended period of time (>1 year). 

All participants gave written informed consent prior to testing and were paid for their participation. 

The Institutional Review Board the University of Maryland School of Medicine and the 

Institutional Review Board of the Penn State College of Medicine approved all experimental 

procedures. The participant cohort was part of a larger study which included a fMRI study and 

investigation of age-related changes. While all data was collected at the Maryland School of 

Medicine, de-identified data was shared between sites for analysis. 

3.3.2 Experimental setup.  

The testing paradigm was implemented using KineReachTM, a custom virtual reality 

motion tracking system developed at Penn State by R. Sainburg. Both arms were supported on air 

cushion sleds by continuous pressurized airflow to maintain the limbs against gravity and reduce 
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friction. The task was reflected from an inverted 60” TV screen by a mirror, which occluded the 

view of the arms during movement. All joints distal to the elbow were immobilized using an 

adjustable brace and trunk, and scapula movements were restricted using a chest restraint. Position 

and orientation of the forearm and upper arm segments were recorded using 3-dimensional 10 

degree of freedom (DOF) motion of each arm at 120 Hz using the Flock of Birds motion sensors 

(Ascension Technology, USA). The positions of the hand, elbow, wrist, and shoulder were 

computed using two Flock of Birds markers per arm, with the X-Y plane parallel to the tabletop 

and digitization to the proximal interphalangeal joint of the second metacarpal, space between the 

third and fourth metacarpophalangeal joints, styloid processes of the ulna and radius, medial and 

lateral epicondyle of the elbow joint, and acromion of both arms. Computed X-Y coordinates of 

the fingertip were used to define the projected cursor position. 

3.3.3 Experimental Task.  

Figure 3.1 shows the experimental task setup. All participants completed the following two 

task conditions: (1) right hand reaching and left hand stabilizing, and (2) left hand reaching and 

right hand stabilizing, with half the participants completing these tasks in the reverse order 

(pseudo-randomly divided to ensure equal division of males and females). The task was performed 

with a spring affixed to the arm sleds (versus the arm or hand) to avoid potential haptic feedback 

effects. Each of the four sessions required ten testing blocks of seven trials with one trial to each 

target in randomized order. Figure 3.1B and 3.1C show the experimental task. Both the left and 

right hand cursors (d = 0.015m) were displaced 0.127m medially from the corresponding hand. To 

begin each trial, both hand cursors were required to be within the start circle (d = 0.03m). Each 

target circle (d = 0.03m) was located 0.2m from the start circle. Figure 3.1A illustrates the target 

display seen on the screen, with the actual location of the hands displayed in Figure 3.1C and 3.1D. 
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Figure 3.1 Experimental Task Setup.  

Given the relationship between movement velocity and accuracy (Fitt, 1954), it was 

important that participants moved fast enough to elicit potential performance differences between 

arms and within a similar range between arms and participants to ensure performance between 

arms and participants could be compared. With their reaching hand, participants were asked to 

reach at a minimum speed of .5 m/s, as accurately as possible. Simultaneously, they were asked to 

maintain their stabilizing hand position within the start circle. Visual feedback was presented after 

every trial with a horizontal speed bar at the top of the screen, which allowed subjects to monitor 

their own movement speed. The length of the speed bar indicated peak reaching velocity, compared 

to the required speed of 0.5 m/s (e.g., a speed bar that did not reach a point indicating the required 

speed informed the participants that they needed to increase their speed in the following trial). 
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Visual feedback of their task performance was also given at the end of every trial in the form of 

positional traces of both the right and left hand cursor trajectory. After each trial, participants were 

awarded points based on how close they reached to the center of the target. 

3.3.4 Data processing and analysis.  

All kinematic, kinetic, and dynamic analyses were processed with custom programs written 

in IgorPro (version 6.37, WaveMetrics). The data were low-pass filtered at 8 Hz with a third order 

dual-pass Butterworth filter before differentiation to obtain velocity and acceleration profiles. 

Movement onset and offset were defined using the reaching arm. The start of each reach was 

defined as the first minimum in tangential velocity that was under 8% of the maximum velocity 

for that trial. The end of each reach was defined as the first minimum following peak velocity that 

was below 8% of maximum velocity. Then, movement onset and offset of the stabilizing hand was 

defined using these reaching movement times.  

3.3.5 Kinematic analysis.  

To compare reaching arm performance, kinematic analyses calculated deviation from 

linearity and end error. Hand path deviation from linearity was defined as the minor axis of the 

path divided by the major axis of the path. The major axis was defined as the longest distance 

between any two points on the hand path, and the minor axis was defined as the longest distance 

between any two points in the hand path, measured perpendicular to the major axis. Final position 

error was calculated as the Euclidean distance between the cursor center (index of fingertip) at the 

end of the reach and the target center. Lower values of both deviation from linearity and final 

position error are indicative of better reaching performance. To compare stabilizing arm 

performance, kinematic analyses calculated hand displacement and maximum acceleration. Given 
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that the goal of the stabilizing arm is to remain stationary, higher values of both variables are 

indicative of worse stabilizing performance.  

3.3.6 Inverse Dynamics  

The terms in the equations of motion were partitioned into four main components to 

calculate 1) muscle torque, which estimates the rotational forces from muscle contraction; 2) 

interaction torque, representing forces imposed by the movement of other limb segments; 3) net 

torque, the sum of the muscle and interaction torques (Bagesteiro & Sainburg, 2003), and 4) Spring 

torque (See figure 2). Interaction torque generated at the elbow resulted primarily from shoulder 

rotational accelerations and velocities, as motions of body segments proximal to the shoulder were 

constrained. However, any motion of the body was reflected by our measure of shoulder point 

acceleration, and thus is included in our interaction torque. Limb segment inertia, center of mass 

location, and mass were computed using each participant’s body weight and limb segment lengths 

(Winter, 1990). To characterize the contributions of muscle and interaction torque to stabilization 

of each joint against the spring load, we quantified muscle and interaction torques at the time of 

peak net torque, normalized by the net torque magnitude. Thus, a larger value reflected greater 

contribution of either muscle or interaction torque to the net torque, which is directly proportional 

to joint acceleration 

3.3.7 Mechanical Compliance 

We computed endpoint and joint compliance for the stabilizing arm. Accurate performance 

should have stabilized the hand and joints against the spring forces, requiring high-stiffness and 

low compliance. Compliance was estimated at the hand and computed at each joint. As an estimate 

of endpoint compliance, total hand displacement was divided by the peak spring force. At the 
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elbow and shoulder, joint compliance was calculated as the slope of the relationship between joint 

displacement and spring torque across a trial.  

 
Figure 3.2 Inverse Dynamics of Joint Torques. A. Hands connected by a spring. B. Spring between 

hands replaced by effective force of spring. C. Final model of arm. D & E. Generalized Equations 

of Motion. 

 

3.3.8 Statistical Analysis 

To ensure participants were familiarized with the task and to control for any potential 

effects of interlimb transfer, we limited all analyses to steady-state performance. To ensure that 

we were including only participants’’ steady-state performance, we calculated the mean coefficient 

of variation (CV) for peak velocity per testing block of all testing sessions (Sainburg, Schaefer, & 

Yadav, 2016). In addition, to control for any initial effects of force adaptation due to the spring, 

we calculated CV for end error of the second condition. Each of the testing sessions consisted of 

70 trials, separated into 10 blocks of 7 trials. We statistically assessed steady-state performance by 
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a 2 (Arm) by 10 (Block) mixed factor ANOVA. The first blocks with highest CV were then 

excluded, steady state performance was confirmed with a subsequent mixed factor ANOVA 

including only the remaining blocks, and dependent variables were then collapsed across these 

remaining blocks for further analysis. 

Further, given the relationship between movement velocity and accuracy (Fitt, 1954), prior 

to testing the primary hypothesis, we needed to first ensure that peak movement velocity of the 

reaching arm was comparable for both arms. To do so, we performed a mixed factor ANOVA on 

mean peak velocity data with arm and target as within-subject factors. We expected only a main 

effect of target direction, but no effect of arm, thereby indicating comparable left and right reaching 

arm peak velocities.  

In addition, as endpoint stiffness varies based on arm orientation and force direction 

(Perreault, Kirsch, & Crago, 2002) we grouped the trials with reaching targets located medial, 

center, and lateral with respect to the start position of the reaching arm, as indicated in Figure 1C 

and D. Therefore, to compare reaching and stabilizing performance, repeated-measure mixed 

model ANOVAs with within-group factors of arm (right vs. left) and target group were used. All 

statistical analyses were completed using JMP software (SAS Institute Inc., Cary, NC). 

3.4 Results: Study One 

3.4.1 Steady-state Performance  

We first identified steady state performance. For this analysis, we averaged every 7 trials, 

including a movement to each target, into 10 separate blocks, together totaling all 70 trials. 

Reaching velocity variance, measured as the coefficient of variation (CV) of the spring condition 

did not vary by block (9,162) = 1.13, p = 0.2331). There was an effect of block for the end error 

variance, measured as CV. for the second condition order, with the highest CV during the initial 
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two blocks illustrated in Figure 3.3, especially for the left hand, as reflected by a significant block 

by hand interaction (F(9,162) = 2.12, p = 0.0310). However, for the remainder of the session, there 

were no significant effects for end error variance (block: F(7,126) = 0.37, p = 0.9179; block x 

hand: F(7,126) = 1.18, p = 0.3209). The remaining results were analyzed using the steady-state 

performance observed during blocks 3-10. 

 
Figure 3.3 Steady State Performance. 

3.4.2 Reaching Arm 

As expected, movement velocity of the reaching arm did vary by target (F(2,38) = 179.88, 

p < 0.0001), but did not vary between the arms (F(1,19) = 0.02, p = 0.8789). Therefore, target-

group was included as a within-subject factor for the subsequent results. 

As shown in Figure 3.4A the left reaching arm illustrated significant greater deviation from 

linearity compared to the right arm (F(1,19) = 32.66, p < 0.0001), which varied by movement 

direction (F(2,38) = 29.91 p < 0.0001). Figure 3.4A shows that end error also varied between the 

arms (F(1,19) = 19.42, p = 0.0003), which did not vary by movement direction (F(2,38) = 1.98 p 

= 0.1522). Thus, like investigations of unilateral asymmetries, the right arm made straighter 

reaching trajectories during this complementary bilateral task with a mechanical interaction 

between the arms. Previous studies of unilateral arm movements performed with visual feedback 
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(Przybyla, Coelho, Akpinar, Kirazci, & Sainburg, 2013) have shown greater final position 

accuracy for the right arm, while studies performed without visual feedback (Przybyla et al., 2013; 

Sainburg & Kalakanis, 2000) have shown greater accuracy for the left-arm of right handers, 

consistent with our current findings performed with visual feedback. 

 

Figure 3.4 Kinematic Interlimb Differences 

3.4.3 Stabilizing Arm 

When stabilizing against the spring force imposed by motion of the other arm, the right 

arm moved more than the left as illustrated Figure 3.4B (F(1,19) = 6.05, p = 0.0237). There were 

no significant differences in acceleration of either stabilizing arm (F(1,19) = 1.39, p = 0.2524), 

though there does appear to be a small trend for the right arm to accelerate more than the left, 

especially for the lateral targets.  

A representative example of these interlimb differences is shown in Figure 3.5. On the left, 

the subject performed a reach with their left arm and stabilized with their left arm. On the right, 

the subject reached with their right arm and stabilized with their left arm. Figure 3.5A illustrates 



 49 

the corresponding elbow torque profiles for each of these conditions. When the left arm stabilized, 

the torque profile demonstrates that the elbow muscle torque effectively countered the spring 

torque, which yielded a near-zero magnitude of elbow net torque. In contrast, when the right arm 

stabilized, the torque profile less effectively countered the spring torque, which was reflected in 

an increase in net torque magnitude in the direction of the spring torque. Further, Figure 3.5C 

illustrates the corresponding hand paths for each stabilizing arm, with greater displacement for the 

right stabilizing arm compared to the left. 

 
Figure 3.5 Spring Condition Representative Example Trials 
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Figure 3.6 Stabilizing Arm Compliance 

To quantify these differences in dynamics, we also compared the compliance of the 

stabilizing arm between conditions. As illustrated in Figure 3.6A, this measure of endpoint 

compliance was significantly greater for the right arm versus the left arm (F(1,19) = 6.19, p = 

0.0223). Further, Figure 3.6B and 3.6C illustrate that the right elbow was more compliant 

compared to the left, with a significant main effect for arm (F(1,19) = 8.94, p = 0.0075). This 

interlimb difference in compliance was not found at the shoulder (F(1,19) = 0.01, p = 0.9847). 

Thus, the right arm has a greater tendency to move when a force is imposed, which appears to 

occur primarily due to interlimb control differences at the elbow.  
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Taken together with our kinematic results, our results provide convergent evidence of 

interlimb differences in stabilizing coordination, which demonstrate an advantage for the non-

dominant arm.  

3.5 Methods: Study Two 

3.5.1 Participants 

Participants completed the same task without a spring affixed between the two arm sleds. 

Though we normalized stabilizing performance based on the spring force perturbations in the study 

above, we wanted to investigate if these differences occurred without a mechanical interaction 

between the arms. Previous studies have suggested there is a tendency of the right arm to be 

coupled with the left, potentially due to motor overflow (Heuer, 1993; Hu & Newell, 2011; 

Spijkers & Heuer, 1995). Thus, when performed with the spring, it was possible that interlimb 

differences may have been confounded by the mechanical coupling of the spring or neural 

coupling. 

For this study, the participants, experimental task, data processing and analysis, and 

kinematic analyses were identical to study one, described above.  

3.5.2 Inverse Dynamics 

Joint torques were quantified using the method described by Schneider and Zernicke 

(1990). The terms in the equations of motion were partitioned into three main components to 

calculate 1) muscle torque, which estimates the rotational forces from muscle contraction; 2) 

interaction torque, representing forces imposed by the movement of other limb segments; and 3) 

net torque, the sum of the muscle and interaction torques (Bagesteiro & Sainburg, 2002; Sainburg, 

Ghez, & Kalakanis, 1999). Interaction torque generated at the elbow was primarily related to 

shoulder rotational accelerations and velocities, as motions of body segments proximal to the 
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shoulder were constrained. However, any motion of the body was reflected by our measure of 

shoulder point acceleration, and thus is included in our interaction torque. Limb segment inertia, 

center of mass location, and mass were computed using subjects body weight and limb segment 

lengths (Winter, 1990). To compare the intersegmental coordination of trials of stabilizing 

performance, we compared muscle and interaction torques at the time of peak net torque, 

normalized by the net torque magnitude. Thus, a larger value reflected greater contribution of 

either muscle or interaction torque to the net torque, which is directly proportional to joint 

acceleration 

To investigate the interlimb difference in dynamic control, we examined the contribution 

of muscle and interaction torque at the time of peak interaction torque for the stabilizing arm. Both 

muscle and interaction torque magnitudes were normalized by peak net torque. 

3.5.3 Statistical Analysis 

Similar to study one, to ensure subjects were familiarized with the task and to control for 

any potential effects of interlimb transfer, we limited all analyses to steady-state performance. To 

ensure that we were including only subjects’ steady-state performance, we calculated the mean 

coefficient of variation (CV) for peak velocity per testing block of all testing sessions (Sainburg 

et al., 2016). We statistically assessed steady-state performance by a 2 (Arm) by 10 (Block) mixed 

factor ANOVA. The first blocks with highest CV were then excluded, steady state performance 

was confirmed with a subsequent mixed factor ANOVA including only the remaining blocks, and 

dependent variables were then collapsed across these remaining blocks for further analysis. 

Further, given the relationship between movement velocity and accuracy (Fitt, 1954), prior 

to testing the primary hypothesis, we needed to first ensure that peak movement velocity of the 

reaching arm was comparable for both arms during the no spring and spring conditions. To do so, 
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we performed a mixed factor ANOVA on mean peak velocity data with arm and target as within-

subject factors. We expected only a main effect of target direction, but no effect of arm, thereby 

indicating comparable left and right reaching arm peak velocities.  

To compare reaching and stabilizing performance, repeated-measure mixed model 

ANOVAs with within-group factors of arm (right vs. left) and target group were used, for the no 

spring and spring conditions independently. In addition, as endpoint stiffness varies based on arm 

orientation and force direction (Perreault et al., 2002) we grouped the trials with reaching targets 

located medial, center, and lateral with respect to the start position of the reaching arm. All 

statistical analyses were completed using JMP software (SAS Institute Inc., Cary, NC). 

3.6 Results: Study Two 

3.6.1 Steady State Performance 

 
Figure 3.7 Steady State Performance 

Reaching velocity CV of the no spring condition was highest during the initial two blocks, 

as illustrated in Figure 3.3A and reflected by a main effect of block with all blocks included in the 

mixed factor ANOVA (F(9,162) = 7.09, p < 0.0001). However, for the remainder of the session, 

there was no significant main effect of block (F(7,126) = 1.58, p = 0.1463). The remaining results 
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for the no spring and spring conditions were analyzed using the steady-state performance observed 

during blocks 3-10. 

3.6.2 Reaching Arm 

As expected, movement velocity of the reaching arm did vary by target (F(2,38) = 118.74, 

p < 0.0001), but did not vary between the arms (F(1,19) = 0.41, p = 0.5279). Therefore, target was 

included as a within-subject factor for the subsequent results.  

 
Figure 3.8 No Spring Condition Kinematics 

As shown in Figure 3.4A, the left reaching arm illustrated significant greater deviation 

from linearity compared to the right arm (F(1,19) = 21.23, p = 0.0002), but did not vary by target 

(F(2,38) = 0.87, p = 0.4258). Similarly, Figure 4A shows that end error varied between the arms 

(F(1,19) = 10.09, p = 0.0050) and also varied by target (F(2,38) = 8.68, p = 0.0008). Similar to 

prior investigations of unilateral asymmetries, the right arm illustrated straighter reaching 

trajectories; yet, in contrast to prior investigations, the right arm also demonstrated superior 

performance with regard to accuracy of the final arm position at the target.  
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3.6.3 Stabilizing Arm 

Similarly, we compared cumulative hand displacement and maximum acceleration of the 

left and right stabilizing arm. As illustrated in Figure 3.4B, the right arm stabilizing performance 

was worse, with greater hand displacement (F(1,19) = 11.77, p = 0.0028) and  acceleration (F(1,19) 

= 11.46, p = 0.0031), compared to the left arm.  

Inverse dynamics.  

 
Figure 3.9 No Spring Condition Stabilizing Arm Dynamics 

Results presented above demonstrated superior performance of the right arm for reaching 

and the left arm for stabilizing. To investigate the interlimb difference in dynamic control, we 

examined the contribution of muscle and interaction torque at the time of peak interaction torque 
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for the stabilizing arm. Figure 3.5A and 3.5B illustrates that peak net torque of the left shoulder 

was due primarily to interaction torque, with a small contribution of muscle torque in the opposite 

direction of the interaction torque. In contrast, the interaction and muscle torque of the right 

shoulder acted in the same direction, which contributed to the increased peak net torque. These 

differences were reflected by a significant main effect of arm for both the muscle (F(1,19) = 

168.06, p < 0.0001) and interaction (F(1,19) = 168.06, p < 0.0001) torque at the shoulder. There 

were no differences between the arms in muscle (F(1,19) = 0.003, p = 0.9608) or interaction 

(F(1,19) = 0.003, p = 0.9608) torque at the elbow.  

However, given that the stabilizing arm was not mechanically coupled with the reaching 

arm, it was not clear whether this superior performance of the left arm was indicative of 1) 

differences in stabilizing coordination in response to interaction torque from the trunk or, 2) a 

tendency of the right arm to be coupled with the left, based on previous suggestions of motor 

overflow and bilateral inphase/antiphase literature (Heuer, 1993; Hu & Newell, 2011; Spijkers & 

Heuer, 1995). Therefore, we investigated the relationship between the muscle torque of the 

reaching and stabilizing arm joints. If the increased muscle torque of the right arm was due to 

coupling, we expected a greater positive relationship between the right stabilizing arm and left 

reaching muscle torques compared to the left stabilizing and right reaching arm. The correlations 

between the reaching and stabilizing arm were low for both stabilizing arms, with no differences 

in slope for the elbow (F(1,19) = 0.45, p = 0.5092) or the shoulder (F(1,19) = 0.02, p = 0.8907), 

illustrated in Figure 3.5C. The strength of these correlations were low, as indicated by a R^2 value 

less than 0.16 for both arms, though there was a trend illustrating this was stronger at the right 

elbow (F(1,19) = 3.52, p = 0.0761) and significantly stronger for the left shoulder (F(1,19) = 41.23, 

p = 0.0002), illustrated in Figure 3.5D. This suggests that bilateral activation is not causing the 
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increased movement of the right arm during stabilization, since the strength of the correlations 

were low and there was a stronger correlation for the left shoulder, which stabilized better than the 

right.  

3.7 Discussion 

The current study investigated whether arm-hemisphere specializations observed during 

unilateral reaching tasks are reflected in bilateral coordination tasks that require stabilization of 

one hand against forces imposed by the actions of the other hand. To achieve this goal, we had a 

group of young, right hand dominant, adults complete a bilateral coordination paradigm in which 

one arm maintained its spatial position and the other arm performed a center-out reaching task 

with a spring affixed between the arms. We predicted that the dominant arm would demonstrate 

superior reaching performance against the load, while the non-dominant arm would show superior 

performance for stabilizing against the load. Our results illustrated optimal kinematic performance 

of right arm while reaching (less deviation from linearity), left arm while stabilizing (less 

cumulative displacement), and left (vs. right) arm muscle torques more effectively countering 

imposing spring torques while stabilizing (less compliance). These kinematic results were also 

illustrated again when subjects performed the same task without a spring.  

3.7.1 Hemispheric specialization during bilateral coordination for reaching and stabilizing 

Our findings indicate that arm-hemisphere specializations of the right (dominant) arm for 

reaching and manipulating, and the left (non-dominant) arm for stabilizing are present during 

bilateral coordination. This is in agreement with previous studies which have formed the dynamic-

dominance model that: a) the left hemisphere is specialized for predictive mechanisms that can 

specify efficient and smooth trajectories under stable environmental conditions, and b) the right 

hemisphere is specialized for impedance control that is robust to unstable environmental 
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conditions (Mutha et al., 2013; Wang & Sainburg, 2007). While specialization of the right 

(dominant arm) for more complex tasks like reaching has been well accepted, recent studies have 

also provided evidence of the left (non-dominant) arm being specialized for impedance control. In 

these prior studies, the left arm illustrated superior performance responding to and adapting to 

unpredictable dynamic perturbations (Bagesteiro & Sainburg, 2003; Yadav & Sainburg, 2014), 

suggesting that motor control of the right hemisphere is dominant for tasks with unexpected 

mechanical demands. However, the majority of evidence for this hypothesis has been based on 

unilateral movements which compared different performance aspects of the same task, such as 

linearity and end error performance measures of a reaching task. Further, these results build on 

previous studies of bilateral coordination and provides evidence in support of specialized 

lateralization while the hands are mechanically coupled and perform separate tasks. Thus, these 

results provide support for the arm-hemisphere specializations of the dynamic-dominance 

hypothesis during a complex bilateral task with hand roles similar to most functional bilateral 

activities. 

3.7.2 Asymmetric task demands during bilateral coordination 

Prior investigations of bilateral coordination during symmetric bilateral tasks have 

described evidence for asymmetric interference between the arms, such that the right (dominant) 

hand tends to lead the left (non-dominant) hand, with greater error when the left arm is required to 

lead or perform the more complex task (de Poel, Peper, & Beek, 2007; Stucchi & Viviani, 1993; 

Treffner & Turvey, 1996; Walter & Swinnen, 1990a). For example, a previous study demonstrated 

that during a bilateral force production task, when the right hand performed the more complex 

force task both arms were able to complete different tasks with little interference from the other 

hand (Hu & Newell, 2011). In contrast, when the left arm performed the more complex force task, 
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there was greater performance error for each independent task with less movement differences 

between the hands. This phenomenon, described as asymmetric interference or bilateral “coupling” 

occurs due to cross talk (motor overflow) between the control processes of each hand (Marteniuk 

& MacKenzie, 1980; Spijkers & Heuer, 1995). Motor overflow has been suggested to occur via 

callosal pathways from the hand performing higher level activities (Diedrichsen, Hazeltine, Nurss, 

& Ivry, 2003) or from higher level cortical areas (Zijdewind, Butler, Gandevia, & Taylor, 2006).  

However, our results during the no spring condition demonstrate that the greater 

displacement of the right arm while stabilizing was not “coupled” with the left reaching arm. 

Rather, the right arm ineffectively countered interaction torque traversed by the trunk from the 

reaching arm. In addition, when either the right or left arm stabilized, the muscle torque of the 

stabilizing arm was not related to the muscle torque of the reaching arm, independent of reaching 

and stabilizing performance. Similarly, prior studies have provided evidence for independence 

between the motor control of kinematics and kinetics (Crutcher & Alexander, 1990; Krakauer, 

Ghilardi, & Ghez, 1999), that the extent of bilateral coupling is dependent on task characteristics 

(Corcos, 1984; Diedrichsen & Dowling, 2009; Diedrichsen, Nambisan, Kennerley, & Ivry, 2004; 

Marteniuk & MacKenzie, 1980; Steglich, Heuer, Spijkers, & Kleinsorge, 1999; Walter & 

Swinnen, 1990b), and that the arms perform more independent movements when there is greater 

asymmetry between the task demands of each arm. Thus, the results of the present study suggest 

that bilateral task performance depends on the motor control mechanisms required of each hand, 

with optimal coordination observed when the right arm performs tasks with greater predictive and 

movement trajectory motor control demands and the left arm performs tasks with greater 

impedance control demands. 

3.7.3 Spring vs. No Spring Stabilizing Displacement 
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 Surprisingly, the stabilizing hand moved more during the no spring condition compared to 

the spring condition (Figure 3.8B vs 3.4B, respectively). Given that the perturbation to the 

stabilizing hand from the spring likely increased the importance of stabilizing, it is possible that 

participants were attending more to the reaching arm during the no spring condition without this 

perturbation. This would suggest participants were performing more of a unilateral versus a 

bilateral task.  However, it is also possible the increased displacement during the no spring 

condition reflects the increased difficulty of an independent bilateral task (i.e. each arm performs 

a different activity with spatial, temporal, and force demands independent of one another). To 

address this question, future studies could include a condition with an independent force 

perturbation to the stabilizing hand to compare stabilizing hand displacement during all three 

conditions, or include an eye tracker, to assess and compare the amount of visual attention directed 

at individual hands and tasks. 

3.7.4 Conclusions 

In conclusion, the present study provides convergent evidence of interlimb differences in 

bilateral coordination for reaching and stabilizing, which demonstrated an advantage for the 

dominant and non-dominant arm, respectively. To date, these results provide the first evidence of 

the dynamic dominance hypothesis within the context of a complementary bilateral task.   
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CHAPTER 4: AGE-RELATED CHANGES IN ASYMMETRIC ARM-HEMISPHERE 

SPECIALIZATIONS IN REACHING AND STABILIZING MOVEMENT 

PERFORMANCE DURING COMPLEMENTARY BILATERAL 

COORDINATION 

4.1 Abstract 

We previously demonstrated that lateralization of neural control of predictive and 

impedance mechanisms are reflected by interlimb differences in control of bilateral tasks. Aging 

has been shown to reduce lateralization of both cognitive and motor tasks, although the effect of 

aging on motor lateralization is controversial. We now ask whether aging affects bilateral motor 

performance during mechanically coupled tasks that require one arm to stabilize while the other 

reaches toward targets. Right arm dominant young and older adults performed a bilateral task 

within a virtual reality system (KineReach), in which the arms were connected by a spring. In a 

modified center-out task, one hand was required to impede the spring load to maintain its position 

at the origin of the task and the other moved to a series of targets distributed across a range of 

directions. During condition one, the right hand reached while the left hand stabilized, and during 

condition two, the left hand reached while the right hand stabilized. The order of the conditions 

was counterbalanced between subjects in both groups. The Test of Everyday Attention was used 

to assess cognitive function. Results (young, N=20; old, N=20) indicated that right arm reaching 

performance was more linear than left arm movements in both young and older adults. In contrast, 

the left arm stabilized against the spring forces better than the right, showing less displacement 

and lower endpoint compliance. In terms of age-related differences, the older adults demonstrated 

reduced absolute performance of all tasks, preserved asymmetry of reaching, and greater 

asymmetry of stabilizing compared to younger adults. Further, greater stabilizing asymmetry was 
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related to greater left hand grip strength, reduced visual attention, and greater attention switching. 

These findings suggest a) deficits in the left (non-dominant) arm for predictive control and right 

(dominant) arm impedance control are greater in older than younger adults, indicating an increase 

rather than a decrease in motor lateralization; and b) stabilizing asymmetry was associated with 

changes in motor and to some extent, cognitive function.  

4.2 Introduction 

Age-related decline in motor function is common and includes loss of strength 

(Baumgartner et al., 1998), dexterity (Louis et al., 2005), coordination difficulty (Seidler et al., 

2010), and slowing of movements (Buckles, 1993). This decline in motor performance has been 

identified during bilateral arm movements, which make up the majority of everyday activities 

(Bailey et al., 2015; Kilbreath & Heard, 2005). Compared to young adults, bilateral coordination 

is less accurate and more variable in older adults (Seidler et al., 2010), with the greatest deficits 

observed during antiphase (vs. inphase) bilateral tasks (Bangert et al., 2010; Lee et al., 2002; 

Swinnen, 1998; Wishart et al., 2000). In older adults, difficulty performing bilateral tasks with 

greater differences between the role of each arm has been linked to cognitive and motor 

observations of age-related reductions in lateralized asymmetry (Collins & Mohr, 2013; Paizis et 

al., 2014). More specifically, reductions in performance asymmetry between the dominant and 

non-dominant arm during unilateral arm movements have demonstrated age-related changes to 

motor lateralization (Przybyla et al., 2011; Wang et al., 2011). Bilateral performance deficits have 

been observed primarily during inphase/antiphase tasks and have not been investigated during 

complementary bilateral coordination, which involve the greatest difference between the 

movements of each hand, such as holding a baguette with the left hand and slicing it with the right 
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hand. Further, it is unclear if age-related reductions in asymmetry contribute to deficits during 

bilateral coordination. 

We previously demonstrated that lateralization of neural control of predictive and 

impedance mechanisms are reflected by interlimb differences in control of bilateral tasks in young, 

non-disabled adults (Chapter 3; Woytowicz et al in prep.). Aging has been shown to reduce 

lateralization of both cognitive (Berlingeri, Danelli, Bottini, Sberna, & Paulesu, 2013; Cabeza, 

2002) and motor (Fling & Seidler, 2012) tasks, although the effect of aging on motor lateralization 

is unclear. Many studies demonstrate age-related reductions in motor lateralization, including 

attenuation of hand dominance with a shift towards ambidexterity (Kalisch et al., 2006), reduced 

laterality during imagined (mental) actions (Paizis et al., 2014), reduced asymmetry during 

multidirectional reaching movements (Przybyla et al., 2011) and reduction in interlimb transfer of 

visuomotor adaptation during unimanual reaching (Wang et al., 2011). In contrast, others have 

failed to identify age-related changes in hand laterality when tasks were broken down into 

movement stages of preparation and execution (Chua et al., 1995) and preservation of interlimb 

transfer occurred during a multidirectional drawing task (Pan & Van Gemmert, 2013). Despite 

these conflicting results, it is important to note that the evidence is based solely on unimanual 

motor tasks. Therefore, it is not yet clear whether or how age-related changes in motor 

lateralization will affect motor performance in our complementary bilateral coordination task. 

The objective of the present study was to investigate whether aging affects bilateral 

performance during mechanically coupled tasks that require one arm to stabilize while the other 

reaches toward targets. We hypothesized that older adults would demonstrate reduced performance 

on each task compared to young adults and reduced asymmetric specializations of each arm, due 

to diminished hemispheric lateralization of motor control mechanisms. To test this hypothesis, we 
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compared arm-hemisphere specializations in reaching and stabilizing movement performance 

during a complementary bilateral coordination task in young versus older adults. 

4.3 Methods 

4.3.1 Participants 

Twenty right-handed adults, (‘young adults’ group; aged between 21-35 years; mean = 

27.4  2.8 years; 10 males and 10 females) and twenty right-handed adults, 65 years and older 

(‘older adults’ group; aged  65 years; mean = 73.4  6.6 years; 10 males and 10 females), 

participated in this study. The 13-item Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) 

was used to confirm that all participants were right-hand dominant (i.e. laterality quotient of 80 or 

greater). Handedness scores were not significantly different between young and older participant 

groups. Exclusion criteria included neurological disease such as stroke, Parkinson's disease, 

multiple sclerosis; significant musculoskeletal impairments including any upper extremity bone 

fractures occurring within the past 5 years, and/or soft tissue injuries that would affect performance 

of the motor task; and musicians, defined as anyone who plays or has played a musical instrument 

regularly (>1 hour/week) for an extended period of time (>1 year). All participants gave written 

informed consent prior to testing and were paid for their participation. The Institutional Review 

Board the University of Maryland School of Medicine and the Institutional Review Board of the 

Penn State College of Medicine approved all experimental procedures. The group of young adults 

were also part of another behavioral (Chapter 3) and fMRI study (Chapter 5).  While all data were 

collected at the Maryland School of Medicine, de-identified data were shared between sites for 

analysis. 
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4.3.2 Experimental setup.  

The testing paradigm was implemented using KineReachTM, a custom virtual reality 

motion tracking system developed at Penn State by R. Sainburg. Both arms were supported on air 

cushion sleds by continuous pressurized airflow to maintain the limbs against gravity and reduce 

friction. The task was reflected from an inverted 60” TV by a mirror, which occluded the view of 

the arms during movement. All joints distal to the elbow were immobilized using an adjustable 

brace and trunk, and scapula movements were restricted using a chest restraint. Position and 

orientation of the forearm and upper arm segments were recorded using 3-dimensional 10 degree 

of freedom (DOF) motion of each arm at 120 Hz using Flock of Birds motion sensors (Ascension 

Technology, USA). The positions of the hand, elbow, wrist, and shoulder were computed using 

two Flock of Birds markers per arm, with the X-Y plane parallel to the tabletop and digitization to 

the proximal interphalangeal joint of the second metacarpal, space between the third and fourth 

metacarpophalangeal joints, styloid processes of the ulna and radius, medial and lateral epicondyle 

of the elbow joint, and acromion of both arms. Computed X-Y coordinates of the fingertip were 

used to define the projected cursor position.  

4.3.3 Experimental Task.  

Figure 4.1 shows the experimental task setup. All participants completed the following two 

task conditions: (1) right hand reaching and left hand stabilizing, and (2) left hand reaching and 

right hand stabilizing, with half the participants completing these tasks in the reverse order 

(pseudo-randomly divided to ensure equal division of males and females). The task was performed 

with a spring affixed to the arm sleds (versus the arm or hand to avoid potential haptic feedback 

effects). Each of the four sessions required ten testing blocks of seven trials with one trial to each 

target in randomized order. Figure 4.1B and 4.1C show the experimental task. Both the left and 
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right hand cursors (d = 0.015m) were displaced 0.127m medially from the corresponding hand. To 

begin each trial, both hand cursors were required to be within the start circle (d = 0.03m). Each 

target circle (d = 0.03m) was located 0.2m from the start circle. Figure 4.1A illustrates the target 

display seen on the screen, with the actual location of the hands displayed in Figure 4.1C and 4.1D.  

 
Figure 4.1 Experimental Task Setup. 

Given the relationship between movement velocity and accuracy (Fitt, 1954), it was 

important that participants moved fast enough to elicit potential performance differences between 

arms and within a similar range between arms and participants to ensure performance between 

arms and participants could be compared. With their reaching hand, participants were asked to 

reach at a minimum speed of .5 m/s, as accurately as possible. Simultaneously, they were asked to 

maintain their stabilizing hand position within the start circle. Visual feedback was presented after 
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every trial with a horizontal speed bar at the top of the screen, which allowed participants to 

monitor their own movement speed. The length of the speed bar indicated peak reaching velocity, 

compared to the required speed of 0.5 m/s (e.g., a speed bar that did not reach a point indicating 

the required speed informed the participants that they needed to increase their speed in the 

following trial). Visual feedback of their task performance was also given at the end of every trial 

in the form of positional traces of both the right and left hand cursor trajectory. Finally, when 

participants reached a minimum of 0.5 m/s or higher, they were awarded points based on how 

close they reached to the center of the target. 

4.3.4 Data processing and analysis.  

All kinematic, kinetic, and dynamic analyses were processed with custom programs written 

in IgorPro (version 6.37, WaveMetrics). The data were low-pass filtered at 8 Hz with a third order 

dual-pass Butterworth filter before differentiation to obtain velocity and acceleration profiles. 

Movement onset and offset were defined using the reaching arm. The start of each reach was 

defined as the first minimum in tangential velocity that was under 8% of the maximum velocity 

for that trial. The end of each reach was defined as the first minimum following peak velocity that 

was below 8% of maximum velocity. Then, movement onset and offset of the stabilizing hand was 

defined using these reaching movement times.  

4.3.5 Kinematic analysis.  

Kinematic recordings of the elbow and shoulder joints were made in three dimensions, 

with each limb modeled as a set of two interconnected, planar rigid links with frictionless joints. 

A planar model of limb intersegmental dynamics was employed to simplify the kinetic analyses 

and maintain the accuracy of the data, which restricted the analysis to the moving-local plane 

containing the limb segments. 
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To compare reaching arm performance, kinematic analyses calculated deviation from 

linearity and end error. Hand path deviation from linearity was defined as the minor axis of the 

path divided by the major axis of the path. The major axis was defined as the longest distance 

between any two points on the hand path, and the minor axis was defined as the longest distance 

between any two points in the hand path, measured perpendicular to the major axis. Final position 

error was calculated as the Euclidean distance between the cursor center (index of fingertip) at the 

end of the reach and the target center. Lower values of both deviation from linearity and final 

position error are indicative of better reaching performance. To compare stabilizing arm 

performance, kinematic analyses calculated hand displacement and maximum acceleration. Given 

that the goal of the stabilizing arm is to remain stationary, higher values of both variables are 

indicative of worse stabilizing performance.  

4.3.6 Inverse Dynamics  

The terms in the equations of motion were partitioned into four main components to 

calculate 1) muscle torque, which estimates the rotational forces from muscle contraction; 2) 

interaction torque, representing forces imposed by the movement of other limb segments; 3) net 

torque, the sum of the muscle and interaction torques (Bagesteiro & Sainburg, 2002), and 4) spring 

torque (See figure 2). Interaction torque generated at the elbow resulted primarily from shoulder 

rotational accelerations and velocities, as motions of body segments proximal to the shoulder were 

constrained. However, any motion of the body was reflected by our measure of shoulder point 

acceleration, and thus is included in our interaction torque. Limb segment inertia, center of mass 

location, and mass were computed using each participant’s body weight and limb segment lengths 

(Winter, 1990). To characterize the contributions of muscle and interaction torque to stabilization 

of each joint against the spring load, we quantified muscle and interaction torques at the time of 
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peak net torque, normalized by the net torque magnitude. Thus, a larger value reflected greater 

contribution of either muscle or interaction torque to the net torque, which is directly proportional 

to joint acceleration 

4.3.7 Mechanical Compliance  

To compare stabilizing performance, compliance (the tendency to move when a force is 

applied) was calculated at the hand and the stabilizing arm joints. Greater compliance is indicative 

of less stiffness (i.e. ineffective impedance control), given that compliance is the inverse of 

stiffness and stability of the arm is achieved by increasing stiffness (i.e. decreasing compliance) 

with increased torque (McIntyre, Mussa-Ivaldi, & Bizzi, 1996). As a measure of endpoint 

compliance, hand displacement was normalized by the peak spring force, with the division of hand 

displacement by peak spring force. At the elbow and shoulder, joint displacement was regressed 

by the imposed spring torque, with the slope of this relationship defined as joint compliance.  

4.3.8 Assessment of Motor and Cognitive Function 

In addition to completing the experimental task, the motor and cognitive function of all 

participants was also assessed. Assessments of motor function included maximum grip strength 

(MGS) and the Purdue Pegboard Test (PPT) (Tiffin & Asher, 1948) of manual dexterity. Cognitive 

function was assessed using the Test of Everyday Attention (TEA) (Robertson, Ward, Ridgeway, 

& Nimmo-Smith, 1996). 

MGS was measured with a BASELINE hydraulic handheld dynamometer using 

standardized instructions and positioning of the arm (seated with shoulder adducted and neutrally 

rotated, elbow flexed at 90° and the forearm and wrist in neutral position), and using the maximum 

of two alternative trials for both the left and right hand (Fess & Moran, 1981; Mathiowetz et al., 

1985). 
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Participants completed three trials for all unimanual and bimanual peg placement tests of 

the Purdue Pegboard (Tiffin & Asher, 1948).  For the first three subtests, the participants were 

instructed to place as many pins as possible in the holes, with their right (dominant) hand, left 

(non-dominant) hand, and then with both hands, within 30 seconds. The fourth, assembly subtest, 

involved asymmetric hand movements that required participants use both hands to alternately 

construct “assemblies.” Assemblies consisted of placing as many combinations of a pin, a washer, 

a collar, and another washer, within one minute. The average of each subtest’s three trials was 

used as the final score. 

Participants completed the Map Search, Elevator Counting, Elevator Counting with 

Distraction, Visual Elevator, Telephone Search, and Telephone Search Dual Task subtests of the 

TEA (Robertson et al., 1996). The subtests of the TEA were modeled after “real-life” activities 

and measured different types of attentional function. The Map Search and Telephone Search 

subtests provided measures of selective attention. Sustained Attention was measured using the 

Elevator Counting subtest. The Elevator Counting with Distraction subtest provided a measure of 

working memory. Attentional switching ability was measured by the Visual Elevator subtest. 

Finally, the Telephone Search Dual Task provided a measure of divided attention. The Telephone 

Search subtest was required to score the performance of the Telephone Search Dual Task subtest; 

therefore, the Map Search subtest was used as our primary measure of selective attention. Raw 

scores were then converted to age-normalized scaled-scores for all subtests. 

4.3.9 Statistical Analysis 

To ensure participants were familiarized with the task and to control for any potential 

effects of interlimb transfer, we limited all analyses to steady-state performance. To ensure that 

we were including only participants’ steady-state performance, we calculated the mean coefficient 
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of variation (CV) for peak velocity per testing block of all testing sessions (Sainburg et al., 2016). 

In addition, to control for any initial effects of force adaptation due to the spring, we calculated 

CV for end error of the second task condition performed with the spring. Each of the testing 

sessions consisted of 70 trials, separated into 10 blocks of seven trials. We statistically assessed 

steady-state performance by a 2 (Age Group: young, old) by 2 (Arm: left, right) by 10 (Block) 

mixed factor ANOVA. The first blocks with highest CV were then excluded, steady state 

performance was confirmed with a subsequent mixed factor ANOVA including only the remaining 

blocks, and dependent variables were then collapsed across these remaining blocks for further 

analysis. 

Further, given the relationship between movement velocity and accuracy (Fitt, 1954), prior 

to testing the primary hypothesis, we needed to first ensure that peak movement velocity of the 

reaching arm was comparable for both arms. To do so, we performed a mixed factor ANOVA on 

mean peak velocity data with arm and target as within-participant factors and age group as a 

between-participant factor. We expected only a main effect of target direction, but no effect of 

arm, thereby indicating comparable left and right reaching arm peak velocities.  

To compare reaching and stabilizing performance, repeated-measure mixed model 

ANOVAs with within-group factors of arm (right vs. left) and target group were used. In addition, 

as endpoint stiffness varies based on arm orientation and force direction (Perreault et al., 2002) we 

grouped the trials with reaching targets located medial, center, and lateral with respect to the start 

position of the reaching arm, as indicated in Figure 1C and D.  

Finally, to assess the relationship between interlimb asymmetry and the functional outcome 

measures, we conducted a stepwise regression analysis using a 2-fold cross-validation approach. 

Interlimb asymmetry was calculated as the ratio between left and right arm performance. Deviation 
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from linearity was used as the measure of reaching performance and endpoint compliance was 

used as the measure of stabilizing performance. Given that higher values of both performance 

measures were indicative of worse performance, an asymmetry ratio above one indicated more left 

hand error, while a ratio less than one indicated more right hand error, and a ratio of one indicated 

symmetric performance between the arms. Predictors included in the stepwise model were: left 

and right MGS; right, left, both hands, and assembly PPT subtests; the Map Search, Elevator 

Counting with Distraction, Visual Elevator, and Telephone Search Dual Task subtests of the TEA; 

and age. 

All statistical analyses were completed using JMP software (SAS Institute Inc., Cary, NC). 

4.4 Results 

4.4.1 Steady-state Performance  

 
Figure 4.2 Steady State Performance 

Reaching velocity CV of the spring condition was highest during the initial two blocks, 

with greater differences in the old adults, as illustrated in Figure 4.2 and reflected by a significant 

main effect of block (F(9,342) = 3.66, p = 0.0002) and age group (F(1,38) = 18.19, p = 0.0001). 

However, for the remainder of the session, there were no significant effects for the CV of reaching 

velocity F(7,266) = 1.61, p = 0.1325). There was no effect of block for the CV of reaching arm 
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end error for the second condition order (F(9,324 = 1.11, p = 0.3529) and no effect of age group 

(F(1,36) = 3.59, p = 0.0660). The remaining results were analyzed using the steady-state 

performance observed during blocks 3-10. 

4.4.2 Reaching Arm 

As expected, movement velocity of the reaching arm did vary by target (F(2,76) = 281.77, 

p < 0.0001), but did not vary between the arms (F(1,38) = 0.34, p = 0.5312). Therefore, target was 

included as a within-subject factor for the subsequent results. Velocity also varied by age group 

(F(1,38) = 18.93, p < 0.0001). As illustrated in Figure 4.3, young adults reached faster than older 

adults, though there were similar within group differences between the targets, with the fastest 

reaches in the lateral direction. 

 
Figure 4.3 Reaching Velocity 

As shown in Figure 4.4A the left reaching arm illustrated significant greater deviation from 

linearity compared to the right arm (F(1,38) = 32.54, p < 0.0001), which varied by movement 

direction (F(2,76) = 75.60 p < 0.0001). There was also a significant effect of age group, in which 

older adults’ reaching performance demonstrated significantly greater deviation from linearity 

(F(1,38) = 19.55, p < 0.0001), especially for more medial targets compared to young adults, as 

reflected by a significant age by target interaction (F(2,76) = 5.18 p = 0.0078). Figure 4.4A shows 

that end error also varied between the arms (F(1,38) = 16.59, p = 0.0002), which also varied by 

movement direction (F(2,76) = 4.07 p = 0.0209), but no significant effect of age group (F(1,38) = 
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1.99, p = 0.1656). Thus, like investigations of unilateral asymmetries, the right arm illustrated 

straighter reaching trajectories during a complementary bilateral task with a mechanical interaction 

between the arms and also demonstrated superior performance regarding accuracy of the final arm 

position at the target. 

 
Figure 4.4 Spring Condition Kinematics 

4.4.3 Stabilizing Arm 

When stabilizing, the right arm moved (F(1,38) = 33.79, p < 0.0001) and accelerated 

(F(1,38) = 15.91, p = 0.0003) more than the left as illustrated in Figure 4.4B. Thus, when a torque 

is applied by a mechanical interaction between the arms, the results demonstrate a superior 

advantage of the left arm to remain stable (less hand displacement) compared to the right arm. In 

addition, older adults stabilized worse than the young adults, especially for the right arm, illustrated 

in Figure 4.4B. This was also reflected by the mixed-factor ANOVA with a significant main effect 

of age for cumulative distance (F(1,38) = 8.19, p = 0.0068) and a significant age by hand 
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interaction for both cumulative distance (F(1,38) = 6.51, p = 0.0148) and acceleration (F(1,38) = 

4.49, p = 0.0407).  

 
Figure 4.5 Stabilizing Arm Compliance 

We also compared the performance of the stabilizing arm between groups by normalizing 

hand displacement by peak spring force as a measure of endpoint compliance. As illustrated in 

Figure 4.5A, this measure of endpoint compliance was significantly greater for the right arm versus 

the left arm (F(1,38) = 30.97, p < 0.0001) and there was also a main effect of age (F(1,38) = 10.64, 

p = 0.0023) and age by hand interaction (F(1,38) = 6.09, p = 0.0182), in which the older adults had 

greater endpoint compliance compared to young adults, especially for the right arm. Further, 

Figure 4.5B illustrates that the right elbow was more compliant compared to the left, with a 
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significant main effect for arm (F(1,38) = 8.68, p = 0.0055). Figure 4.5C illustrates that this 

interlimb difference in compliance was not found at the shoulder (F(1,38) = 0.08, p = 0.7819), 

though there does appear to be a trend for the right shoulder to be more compliant than the left for 

the center and lateral targets. However, there was no effect of age for the elbow (F(1,38) = 0.33, p 

= 0.5667), or shoulder (F(1,38) = 0.64, p = 0.4272), compliance. Thus, the right arm has a greater 

tendency to move when a force is imposed, which appears to occur primarily due to interlimb 

control differences at the elbow for both young and older adults. 

Taken together with our kinematic results, our results provide convergent evidence that a) 

specialization of the right (dominant) arm for predictive control and left (non-dominant) arm for 

impedance control are preserved with aging; and b) interlimb differences for stabilizing were 

greater in older than younger adults, indicating an increase rather than a decrease in this aspect of 

motor lateralization. 

3.4.3 Interlimb Asymmetry Related to Cognitive and Motor Function 

Age Group Young Adults Older Adults 

Age (years) 27.4 (2.82) 73.4 (6.60) 

Reach Asymmetry (L:R) 1.27 (0.21) 1.18 (0.24) 

Stabilize Asymmetry Ratio (L:R) 0.83 (0.32) 0.72 (0.20) 

L MGS (kg) 43 (11.32) 33.05 (10.43) 

R MGS (kg) 45.3 (11.35) 35.15 (10.77) 

L Unimanual PPT (pins) 15.77 (1.84) 11.4 (2.70) 

R Unimanual PPT (pins) 17.18 (2.22) 12.15 (2.58) 

Both Hands PPT (pins) 13.27 (4.95) 9.26 (7.84) 

Assembly Test PPT (pins) 43.33 (1.92) 23.23 (2.68) 

Map Search 9.1 (3.78) 9.9 (2.40) 

Elevator Counting with Distraction 10.15 (2.87) 9.35 (2.64) 

Visual Elevator 10.9 (2.81) 11.55 (3.10) 

Telephone Search Dual Task 11.75 (4.28) 10.2 (3.14) 

Table 4.1 Cognitive and Motor Function Summary Statistics 

Values within parentheses “( )” indicate standard deviation 

 

Mean values of all variables included in the regression analyses are presented in Table 4.1 

for each age group. When using the 2-fold cross-validation forward selection approach, there was 

no combination of factors which explained a significant amount of the variance in reach 
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asymmetry. However, this approach found that L MGS, Age, Map Search and Visual Elevator 

TEA subtests explain a significant amount of the variance in the stabilizing performance 

asymmetry ratio (F(4,35) = 3.78, p = 0.0117). More specifically, these results suggest that greater 

left MGS, increased age, and better performance on the Map Search subtest was related to greater 

stabilizing asymmetry between the arms, while better performance on the Visual Elevator test 

related to decreased asymmetry between the stabilizing arms. 

 
Variable B(SE-B)  t p 

Constant 1.253 (0.284) 0.776 4.41 0.0001* 

Left MGS -0.009 (0.004) -0.209 -2.50 0.0173* 

Age -0.005 (0.002) -0.161 -2.58 0.0142* 

Map Search -0.016 (0.023) -0.097 -1.31 0.1991 

Visual Elevator 0.024 (0.014) 0.141 1.74 0.0899 

R2 = 0.312     

Number of Observations = 40     

Table 4.2 Stabilize Asymmetry Ratio Regression Model Summary 

* = p-value < 0.05; S.E. = Standard Error 

 

4.5 Discussion2

The current study sought to investigate whether age-related changes in lateralized arm-hemisphere 

specializations occur during a complementary bilateral coordination task. To test this hypothesis, 

we compared arm-hemisphere specializations in reaching and stabilizing movement performance 

during a mechanically coupled bilateral task that required one arm to stabilize while the other 

reached toward targets, in young versus older adults. We hypothesized that older adults would 

demonstrate reduced asymmetric specializations of each arm, due to diminished hemispheric 

lateralization of motor control mechanisms. However, our results indicate that absolute 

performance levels decreased, while asymmetric specializations of stabilizing during non-

symmetric bilateral tasks increased with age. Further, increased lateralized asymmetry with aging 

                                                      
2 For methods and results for no spring condition (as in Chapter 3) See Appendix I 
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was related to both motor and cognitive function. Specifically, these results suggest that greater 

left MGS, increased age, and better performance on the Map Search subtest was related to greater 

stabilizing asymmetry between the arms, while better performance on the Visual Elevator test 

related to decreased asymmetry between the stabilizing arms. 

4.5.1 Age related changes in performance  

Consistent with the previous literature, our results indicate that absolute performance of 

both arms was reduced in older adults. For reaching movements, older adults were slower and did 

not move as straight as young adults. For stabilizing movements, both hands were displaced more 

and at a faster rate, compared to young adults. Previous studies have found the greatest deficits 

during antiphase (vs. inphase) bilateral tasks (Bangert et al., 2010; Lee et al., 2002; Swinnen, 1998; 

Wishart et al., 2000). Given that greater deficits are found with greater differences between the 

role of each arm (Collins & Mohr, 2013; Paizis et al., 2014), it is possible that the performance 

deficits observed would be comparable or greater than those found previously during antiphase 

tasks. However, our study did not include inphase or antiphase bilateral tasks, so it is unclear how 

the performance deficits in our task would compare to these types of bilateral tasks.  

4.5.2 Age-related changes in motor lateralization 

 

The present study provides the first evidence of increased motor performance lateralization 

with age. Previous evidence both supports and challenges the idea that motor lateralization changes 

with age, although evidence has been based primarily on unimanual motor tasks. As cited earlier 

many studies demonstrate age-related reductions in motor lateralization, while others demonstrate 

reduced asymmetry or a shift towards ambidexterity. Our results may differ from these earlier 

studies because unilateral and bilateral tasks require different interhemispheric processing which 

also changes with aging. Increased reliance on interhemispheric connections with aging occurs via 
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the CC (Zaidel & Iacoboni, 2003), where the size and integrity of the CC reduces with age (Fling 

et al., 2011). During unilateral tasks, there is activation of both contralateral and ipsilateral 

hemispheres (Derosière et al., 2014; Kawashima et al., 1994; Kim et al., 1993; Kobayashi, 

Hutchinson, Schlaug, & Pascual-Leone, 2003; Remy, Zilbovicius, Leroy‐Willig, Syrota, & 

Samson, 1994; Van Wijk, Beek, & Daffertshofer, 2012; Verstynen, Diedrichsen, Albert, Aparicio, 

& Ivry, 2005), with greater ipsilateral recruitment during more complex tasks (Chen, Gerloff, et 

al., 1997). With aging, this bilateral recruitment for unilateral tasks increases (Heuninckx et al., 

2005; Mattay et al., 2002) and at a structural level, reductions in WM volume illustrate reduced 

structural evidence of motor lateralization (Koppelmans et al., 2015).  

Similarly, age-related declines in bilateral coordination are modulated by a combination of 

structural (WM integrity) and functional neural changes (Fujiyama, Van Soom, Rens, Gooijers, et 

al., 2016). In young adults, interhemispheric inhibitory interactions are essential for preventing 

interference from the opposite hemisphere during bilateral tasks (Goble et al., 2010; Rémy et al., 

2008), while older adults utilize interhemispheric facilitation (Fling et al., 2011; Heitger et al., 

2013). Greater WM integrity of functionally organized CC sub-regions were associated with better 

performance of different behavioral tests of bilateral function, which suggests age-related changes 

to the CC and bilateral coordination are task-specific and likely occur within the cortical regions 

connected to these CC pathways (Serbruyns et al., 2015). In addition, while increased 

interhemispheric connectivity may compensate for age-related structural and functional changes 

during unilateral and symmetric tasks, a declined ability to modulate these connections has been 

associated with deficits during more complex bilateral tasks. More specifically, this appears to 

occur between areas processing information for motor planning and monitoring (Fujiyama, Van 

Soom, Rens, Gooijers, et al., 2016; Kiyama et al., 2014; Verstynen et al., 2005). Taken together, 
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age-related changes to interhemispheric connections may impair sensorimotor processing 

especially important for the non-specialized hemisphere during complex tasks, which increases 

interlimb asymmetry during complementary bilateral tasks. 

In addition, prior evidence for reduced motor lateralization was also associated with 

reduced reaching velocity (Przybyla et al., 2011). Given that older participants in the prior study 

may not have moved fast enough to require the movement demands to elicit performance 

asymmetries, we attempted to control the reaching speed of all participants. While older adults still 

reached at a slower velocity compared to young adults, our results indicate that there is preserved 

asymmetry for reaching and increased asymmetry for stabilizing. This suggests that the slower 

range of reaching velocity was sufficient to require movement demands great enough to elicit 

asymmetric performance. These differences may increase if older adults were required to match 

the increased speed of younger adults, or may decrease if younger adults were required to match 

the reduced speed of older adults. The advantage to controlling reaching velocity between young 

and older adults is that it may enable a more accurate comparison of age-related changes. However, 

given that older adults move slower than young adults in everyday life, controlling reaching 

velocity may also be a disadvantage for a functional interpretation of the results. 

4.5.3 Greater asymmetry and attention 

Previous researchers have suggested that increased cognitive demands of bilateral 

coordination (Swinnen & Wenderoth, 2004) may magnify age-related bilateral coordination 

differences due to the known cognitive declines with aging (Bangert et al., 2010). The present 

study suggests greater asymmetry during bilateral coordination may relate to age-related changes 

in cognition since better selective visual attention (Map Search) related to greater stabilizing 

asymmetry between the arms, while better attention switching (Visual Elevator) performance 
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related to decreased asymmetry between the stabilizing arms. Selective attention involves 

attending to task-relevant information while ignoring irrelevant information (Hanania & Smith, 

2010). Attention switching involves the ability to shift attention between sources of information 

based on task-relevant changes (Hanania & Smith, 2010). Individually, the relationship between 

Map Search performance and stabilizing asymmetry suggests that increased selective attention 

function is utilized more efficiently during the left stabilize condition. In addition, the relationship 

between Visual Elevator performance and stabilizing asymmetry suggests that increases attention 

switching function enables more efficient processing of task-relevant changes during both task 

conditions. Integrating both selective focusing and switching aspects of attention is important for 

performing motor tasks and could provide a target for mitigating bilateral coordination deficits. 

Given the relationship between the function of both components of attention and that young and 

older adults demonstrated comparable performance on both TEA subtests (Table 4.1), our results 

suggest the integration between selective attention and attention switching was disrupted with 

aging.  

4.5.3 Greater asymmetry and motor function 

Given that age-related deficits of bilateral coordination have been well documented, it is 

plausible that greater asymmetry compared to young adults would relate to declines in function. 

Yet, greater asymmetry is also related to greater grip strength, which contradicts this interpretation 

since greater grip strength is indicative of better function and overall health (Lawrence et al., 2015). 

However, the finding here was only related to grip strength of the left hand, and not to right hand 

grip strength. It is also possible that in young adults, greater grip strength promotes asymmetry for 

better functional performance. Indeed, previous investigations of laterality have suggested that a 
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stronger right-hand advantage related to better performance on motor tasks assessing speed and 

visual-spatial skills (Cerone & McKeever, 1999; Dellatolas et al., 2003).  

4.5.4 Comparison to cognitive model of reduced lateralization 

 Investigations of cognitive aging have provided the majority of previous evidence for 

reduced asymmetry, which was conceptualized as the HAROLD model (hemispheric asymmetry 

reduction in older adults) (Cabeza, 2002). Under this model, reductions in lateralization of 

cognitive function were suggested to reflect a) compensation for age-related neurocognitive 

deficits (Cabeza et al., 1997), or alternatively, b) age-related dedifferentiation of cognitive abilities 

(for a review, see Li and Lindenberger 1999). Increased bilateral brain activity has been associated 

with enhanced performance of cognitive tasks, providing support for the compensation view of the 

HAROLD model (Reuter-Lorenz, Stanczak, & Miller, 1999). In contrast, our results suggest that 

when the lateralized specializations of each arm must be performed, the compensatory activity 

may interfere with task performance, given that absolute performance was reduced for both 

reaching and stabilizing. Further, our results contradict the dedifferentiation view of the HAROLD 

model in that they indicate lateralization of reaching is preserved and lateralization of stabilizing 

increases with aging.  

4.5.5 Conclusions 

In conclusion, the present study provides evidence for greater asymmetry of interlimb 

differences in bilateral coordination for reaching and stabilizing with aging. Greater stabilizing 

asymmetry was also found to relate to age, left MGS and measures of attention. To date, these 

results provide the first evidence of increased lateralization with aging within the context of a 

complementary bilateral task.   
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CHAPTER 5: UNILATERAL AND BILATERAL ARM-HEMISPHERE 

SPECIALIZATIONS AND TASK SPECIFIC MODULATION OF THE 

MOTOR SYSTEM 

5.1 Abstract 

The dynamic-dominance model of motor lateralization, developed based on 

characterizations of unilateral movements, predicts that in right hand dominant individuals, the left 

cortical hemisphere is specialized for predicting task dynamics and the right cortical hemisphere 

is specialized for impedance control. Recent results also suggest these arm-hemisphere 

specializations provide the basis for complementary roles during bilateral coordination of the right 

arm for reaching and manipulating, and the left arm for stabilizing, such as holding a baguette with 

one hand and slicing it with the other. The goal of this pilot study was to identify a neural model 

of arm-hemisphere specific connections during unilateral and complementary bilateral tasks for 

reaching and stabilizing movements in preferred and non-preferred hand roles. We hypothesized 

that right hand dominant individuals would demonstrate A) negative inter-hemispheric coupling 

between bilateral sensorimotor areas when the arms performed a complementary bilateral task with 

motor control demands that reflected its lateralized arm-hemisphere specialization; B) stabilizing 

task-specific modulations in the right hemisphere; and C) reaching task-specific modulation in the 

left hemisphere. Sixteen right hand dominant young adults performed two bilateral (right move-

left stabilize, right stabilize-left move) and four unilateral (move and stabilize tasks of right and 

left) conditions of wrist movements in an fMRI environment. Dynamic causal modeling (DCM) 

was used to investigate the specific excitatory and inhibitory cortical influences of the motor tasks 

Regions of interest included bilateral primary motor cortex (M1), supplementary motor area 

(SMA), primary somatosensory cortex (S1), and motor cerebellum (Cb). Results illustrated A) 
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greater intra-hemispheric modulation for the right arm reach – left arm stabilize bilateral task 

compared to greater inter-hemispheric modulation for the left arm reach – right arm stabilize 

bilateral tasks; B) reciprocal positive coupling between bilateral SMA for the right arm reach and 

left arm stabilize unilateral tasks; and C) Positive modulation from S1 to M1 for left vs. right arm 

unilateral stabilize tasks. These patterns of neural activity are likely reflective of the behavioral 

advantages of right arm reaching and left arm stabilizing as predicted by the dynamic-dominance 

model. 

5.2 Introduction 

Within the last decade, a large body of literature has provided neural and behavioral 

evidence supporting a model of motor lateralization underlying handedness (Mutha et al., 2013; 

Wang & Sainburg, 2007). Although this model was based on unilateral performance asymmetries, 

the complementary yet distinct functions reflect the mover and stabilizer arm roles of bilateral 

tasks (Guiard, 1987; Johansson et al., 2006). To perform skilled movements in general, neural 

activity of the motor system is comprised of task-specific combinations of excitatory and inhibitory 

influences of motor network areas (Capaday, 2004). Such task-dependent neural modulations 

underlying bilateral motor control are greatest during antiphase and asymmetric tasks (vs. inphase 

tasks) (Goble et al., 2010; Rémy et al., 2008). These tasks require interference between the arms, 

yet still require similar movement patterns of each arm. Given that until recently, investigations 

were primarily limited to the identification of activated and functionally connected brain regions 

underlying bilateral control in which both hands are performing the same movement, it is unclear 

how neural activity is modulated by bimanual coordination tasks in which each arm is performing 

its specialized role (i.e. stabilizer and manipulator). 
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Recent neuroimaging advances have provided effective connectivity methods, such as 

dynamic causal modeling (DCM), which allow mechanistic investigations of brain function and 

provide a measure of causal influences (inhibitory and excitatory) between brain regions (Friston 

et al., 2003). Previously, DCM has been used to investigate bilateral control during symmetric 

hand closures, illustrating a symmetric facilitation of neural activity in both hemispheres mediated 

by both increased intra- and inter-hemispheric connectivity of SMA and M1 (Grefkes, Eickhoff, 

Nowak, Dafotakis, & Fink, 2008). In this study, a comparison of connectivity between bilateral 

and unilateral hand closures also suggested that the SMA was a key area for respectively promoting 

or suppressing task-specific inter-hemispheric motor activity (Grefkes et al., 2008). While this 

study represents an extension of previous literature, complementary bilateral tasks, requiring 

simultaneous actions of lateralized motor behaviors, are likely represented by a more complex 

modulation of intra- and inter- hemispheric connectivity. For example, another study showed task-

specific differences in interhemispsheric modulation during an asymmetric bilateral task, which 

were facilitatory when the left hand was required to move faster than the right, but inhibitory when 

the right hand was required to move faster than the left (Fujiyama, Van Soom, Rens, Cuypers, et 

al., 2016).  

The objective of the present study was to identify arm-hemisphere specific neural 

connections modulated by reaching and stabilizing in preferred and non-preferred arm roles during 

complementary bilateral tasks.  To more specifically define neural connectivity of bilateral tasks 

above and beyond unimanual movement, subjects also performed the reach and stabilize tasks 

unimanually. We hypothesized negative inter-hemispheric coupling between bilateral 

sensorimotor areas when the arms performed a complementary bilateral task with motor control 

demands that reflected its lateralized arm-hemisphere specialization. We also hypothesized that 
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there would be a) stabilizing task-specific modulations in the right hemisphere, and b) reaching 

task-specific modulation in the left hemisphere. 

We expect that by more clearly understanding neural underpinning in younger populations, 

our hypotheses can then be extended to and older and neurological populations in future work. 

5.3 Methods 

5.3.1 Participants 

Sixteen healthy, right-handed subjects (8 female, 8 male; mean age 27.2 ± 2.9 years SD) 

participated in the study after giving written informed consent. Participant inclusion criteria 

required participants to be 18-35 years old and 80% right hand dominant or greater assessed using 

the Edinburgh Handedness Inventory (EHI) (Oldfield, 1971). Exclusion criteria included 

contraindications to MRI (i.e. pregnancy, claustrophobia, metal in body, etc); significant 

musculoskeletal or neurological impairments of the upper extremity, including bone fractures 

occurring within the past 5 years, soft tissue injuries, or neuropathies that would affect 

performance of the motor task; musicians, defined as anyone who plays or has played a musical 

instrument regularly (>1 hour/week) for an extended period of time (>1 year).  The Institutional 

Review Board the University of Maryland School of Medicine approved all experimental 

procedures. 

5.3.2 fMRI task and experimental design  

While in the MRI scanner, participants completed complementary bilateral and unilateral 

tasks of the wrist. Task conditions included 1) left wrist extension and right wrist stabilize (LRRS); 

2) right wrist extension and left wrist stabilize (RRLS); 3) right wrist extension (RR); 4) right wrist 

stabilize (RS); 5) left wrist extension (LR); and 6) left wrist stabilize (LS). By including bilateral 

and unilateral movements, neural modulation specific to bilateral coordination and each extension 



 18 

and hold sub-task can be identified. Task order was randomized to control for potential order and 

learning effects. All tasks were first practiced outside of the scanner until the participant was 

comfortable completing each task. 

 
Figure 5.1 fMRI Task Setup. A. Subject setup within scanner. B. Side and C. Front view of 

motor task device. 

 

Tasks were performed using a custom device, illustrated in Figure 5.1. Joysticks moved 

along a track, were connected by an MRI safe elastic, and could be tightened to hold in place. This 

set up allowed participants to perform the unilateral tasks with the same resistance to movement 

experienced during the bilateral tasks. Targets were placed laterally for the left and right wrist 

movements, with an additional “home” target in the center. Movements were cued by auditory 

tones with the end of each block cued by a double tone. For the bilateral conditions, participants 

were instructed to hold the joystick and extend both wrists in response to the first tone. The wrist 

performing the extension movements then alternated between movements to the home and lateral 

targets in response to each tone, while the stabilize hand remained at the extended position. The 

unilateral tasks followed the same protocol, with the exception that only one hand at a time was 

either moving to and from the home and lateral targets or remained stationary for 6s intervals at 

the lateral target. Five blocks of task (32s each) and six blocks (16s each) of rest were included. 
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5.3.3 MRI data acquisition 

Functional images were recorded on a Siemens Magnetom TrioTim 3T MRI scanner 

(Siemens Medical Solutions, Erlangen, Germany) with a 32-channel head coil. To reduce 

movements, two foam cushions immobilized the participant’s head. 

A simultaneous multi-slice echo planar imaging (EPI) sequence recorded continuously in 

an interleaved order with the following parameters: TR = 800ms, TE = 30ms, FoV = 222 mm, flip 

angle α = 60°, bandwidth = 2702 Hz/pixel). Forty-eight slices (voxel size = 3.0 × 3.0 × 3.0 mm3, 

distance factor = 0%, slice gap = 0 mm), AC/PC aligned in axial orientation were acquired for 

each volume (volumes = 320 for each condition). MultiBand (MB) RF pulses for 4-fold echo-shift 

acceleration was designed to span 144 mm in the head-foot direction with 3.0 mm slice thickness, 

corresponding to 48 imaging slices. As such, MB factor 74 was used to excite even and odd slice 

groups in an interleaved fashion.  

For superposition of functional maps upon brain anatomy a high-resolution T1-weighted 

structural scan of the whole brain was collected from each subject (MPRAGE, matrix size = 350 

× 263, 192 partitions, 1 mm3 isotropic voxels, TR = 2300 ms, TE = 2.91 ms, TI = 900 ms, α = 9°). 

5.3.4 fMRI preprocessing  

For image preprocessing, statistical analysis, and dynamic causal modeling, we used the 

SPM software package (SPM12; Wellcome Department of Imaging Neuroscience, London, UK, 

http://www.fil.ion.ucl.ac.uk). Preprocessing steps included realignment of the EPI volumes, co-

registration with the anatomical 3D image, all volumes were spatially normalized to the standard 

template of the Montreal Neurological Institute (MNI, Canada) using the unified segmentation 

approach (Ashburner & Friston, 2005). An isotropic smoothing kernel of 5 mm full width half 

maximum (FWHM) was applied to the EPI images to suppress noise and effects due to residual 
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differences in functional and gyral anatomy. Following spatial normalization and smoothing, 

statistical analysis was performed. The time series in each voxel were high-pass filtered at 1/128 

Hz to remove low frequency drifts. Movement parameters assessed by the realignment algorithm 

were treated as covariates to exclude movement related variance from the image time series. The 

parameter estimates for all six movement conditions as obtained from the general linear model at 

the single subject-level were subsequently compared between subjects in an analysis of variance 

(ANOVA). The t-statistics for the linear contrasts vs. “rest” and between condition-specific 

activations (e.g., unilateral and bilateral movements) were then interpreted by referring to the 

probabilistic behavior of Gaussian random fields. Voxels were identified as significant if their t-

values passed a height threshold of t>4.2, corresponding to p<0.05 (family-wise error (FWE)-

corrected at the voxel level for multiple comparisons). 

 
Figure 5.2 Activation maps. A. Conjunction analysis of left reach and left stabilize tasks.          

B. Conjunction analysis of right reach and right stabilize tasks. p<0.001, uncorrected; L = left; R 

= right. 
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5.3.5 Dynamic causal modeling 

Effective connectivity was computed for key motor areas activated by the fMRI motor 

tasks using DCM (Friston et al., 2003). DCM estimates interregional interactions at the neuronal 

level including (A) intrinsic (movement independent) coupling, (B) condition-specific coupling, 

and (C) the direct experimental input to the system that drives regional activity. The coupling 

parameters estimated in DCM denote the rate (or speed) of change in neuronal activity that one 

area exerts over another. DCMs are first computed individually for each subject. Therefore, we 

extracted the first eigenvariate of the BOLD time series, adjusted for effects of interest, from 8 

regions-of-interest (ROIs) at subject specific coordinates. ROIs were defined as spheres (radius: 4 

mm) centered upon individual activation maxima based on individually normalized SPMs. The 

ROIs consisted of the right and left hemisphere representations of the hand (M1 hand) within the 

primary motor cortex, the supplementary motor area (SMA), the motor area of the cerebellum 

(Cb), and the primary sensory area (S1) i.e., core regions of the motor system typically engaged in 

isolated movements of the upper limbs (Grefkes et al., 2008; Pool, Rehme, Fink, Eickhoff, & 

Grefkes, 2014). Group coordinates of ROIs were identified using region specific activation 

maxima in a) the right hemisphere and left cerebellum by a conjunction analysis of the LR and LS 

tasks (Figure 5.2A), and b) in the left hemisphere and right cerebellum by a conjunction analysis 

of the RR and RS tasks (Figure 5.2B). Then, individual activation maxima were identified in each 

subject using a search sphere (radius 2 cm) centered around the group coordinate. We confirmed 

region specific activation maxima were located within a-priori defined anatomical constraints: (i) 

M1 hand on the rostral wall of the central sulcus at the “hand knob” formation (Yousry et al., 

1997), (ii) SMA on the medial wall within the interhemispheric fissure between the paracentral 

lobule (posterior landmark) and the coronal plane running through the anterior commissure (Picard 
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& Strick, 2001), (iii) the superior part of the anterior lobe of the Cb (Diedrichsen, Balsters, Flavell, 

Cussans, & Ramnani, 2009), and (iv) S1 at the crown/superior aspect of the post-central gyrus 

posterior to the central sulcus (Geyer, Schormann, Mohlberg, & Zilles, 2000). Finally, we assumed 

task-induced activity within the cortical motor system to be driven by sensory input to S1, which 

was accordingly defined as DCM input region (DCM-C) (Rizzolatti & Luppino, 2001). The 

individual coordinates for all ROIs are given in Table 5.1. 

Subject left S1 left SMA right Cb left M1 right S1 right SMA left Cb right M1 

1 -57 -28 49 -6 -7 53 27 -46 -25 -33 -19 56 45 -28 56 6 -1 68 -18 -43 -25 39 -16 56 

2 -48 -31 50 -6 -13 53 18 -49 -19 -41 -13 61 51 -22 50 3 -1 56 -27 -49 -25 30 -19 59 

3 -54 -22 50 -6 -4 50 24 -46 -19 -39 -16 65 50 -25 61 12 -1 62 -15 -45 -35 36 -16 59 

4 -45 -25 47 -3 -10 50 18 -43 -22 -36 -19 59 50 -33 61 9 -1 65 -15 -43 -22 30 -22 56 

5 -48 -25 47 -3 -4 50 15 -46 -19 -36 -19 47 51 -25 59 6 -7 53 -15 -46 -19 30 -25 59 

6 -51 -22 50 -3 2 53 27 -46 -22 -33 -22 59 42 -25 56 9 -1 65 -18 -49 -19 33 -28 59 

7 -54 -28 44 -3 -4 47 21 -40 -19 -45 -19 61 39 -25 56 9 -7 62 -15 -52 -16 30 -25 56 

8 -54 -25 41 -3 -1 53 18 -52 -16 -42 -19 56 48 -28 50 3 -4 68 -12 -52 -19 33 -22 53 

9 -54 -22 41 -6 -7 41 24 -49 -28 -42 -19 59 45 -31 59 12 -1 65 -21 -55 -19 39 -22 56 

10 -54 -25 47 -3 -4 56 18 -55 -16 -36 -22 67 44 -31 64 6 2 62 -18 -55 -19 27 -28 59 

11 -54 -25 38 -6 -7 53 21 -46 -16 -39 -22 59 53 -25 58 9 -1 59 -24 -55 -19 33 -28 59 

12 -51 -28 50 -9 -7 47 18 -43 -19 -30 -22 59 39 -31 59 9 -1 65 -15 -46 -22 36 -22 53 

13 -54 -22 47 -6 -7 56 9 -43 -22 -39 -22 53 50 -31 59 3 -4 56 -15 -43 -19 36 -22 59 

14 -57 -22 38 -3 -10 56 21 -52 -19 -42 -16 56 54 -22 55 9 -4 73 -21 -43 -25 36 -22 59 

15 -51 -16 47 -3 -4 56 18 -43 -22 -41 -10 61 51 -28 50 9 -10 53 -18 -49 -22 30 -28 62 

16 -48 -25 47 -6 -7 59 18 -49 -19 -39 -19 62 48 -25 56 9 -7 59 -15 -49 -19 33 -22 53 

Table 5.1 Individual local maxima of regions of interest used for DCM 

5.3.6 Connectivity models  

Given that connections between SMA and ipsilateral and contralateral M1 (Rouiller et al., 

1994), between SMA and ipsilateral (Luppino, Matelli, Camarda, & Rizzolatti, 1993) as well as 

transcallosal connections between M1–M1 (Jenny, 1979; Leichnetz, 1986; Rouiller et al., 1994), 

SMA–SMA (McGuire, Bates, & Goldman-Rakic, 1991; Rouiller et al., 1994), contralateral Cb-

SMA (Akkal, Dum, & Strick, 2007), Cb-S1, and Cb-M1 (Middleton & Strick, 2000), and S1 to 

M1 (Picard & Strick, 2001) have all been identified reliably in the macaque brain, we assumed a 
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similar intrinsic connection of these motor areas in the human brain. Finally, we assumed a direct 

effect of the motor task (DCM C- matrix, input regions) on S1. 

The task-dependent modulations of each task do not necessarily have to affect all the 

intrinsic connections between the analyzed areas. Therefore, we constructed 10 models with 

different connectivity patterns (Figure 5.3) reflecting hypotheses about the context-specific 

modulations of interregional coupling. We then used random effects Bayesian model selection to 

identify the model with the highest posterior evidence, that is, the model which is the most likely 

generative model given the data (Stephan, Penny, Daunizeau, Moran, & Friston, 2009). Bayesian 

model-averaging was then used to calculate a weighted average of the model parameters where 

the weights are given by the evidence for each model (Penny et al., 2010). Note that many 

alternative models were not tested, which means that other models (for example, much simpler 

models considering only intra-hemispheric connections) might have yielded higher Bayes factors. 

However, instead of testing the entire space of model configurations, we limited our alternatives 

to more directly assess our hypothesis. 

5.3.6 Statistical analysis of DCM coupling parameters 

The coupling parameters of the final averaged model were tested for statistical significance 

using a one sample t-test (p < 0.05, false discovery rate (FDR)-corrected for multiple comparisons). 

5.4 Results 

5.4.1 Model selection  

According to the random-effects Bayesian model selection, the fully connected model 

(model 1) showed the highest exceedance probability of all tested models and was hence 

considered the most likely generative model given the data (Figure 5.4). 
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Figure 5.3 Model Comparisons for Task Specific Modulations. 
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Figure 5.4 Bayesian Model Selection 

 

 
Figure 5.5 Intrinsic Connectivity 

Width of lines reflects relative strength of connectivity. 

 

5.4.2 Intrinsic Coupling (DCM A-Matrix) 

Figure 5.5 displays the coupling parameters for the intrinsic (i.e., movement-independent) 

part of connectivity among the motor areas of interest. Specific coupling strengths and p-values 

for each connection are presented in Table 5.2. The coupling parameter magnitude represents 
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connection strength, as a measure of how fast and strong a response occurs in the target region 

(Friston et al., 2003). Positive coupling parameters (green arrows) suggest a facilitation of neural 

activity, whereas negative coupling parameters (red arrows) can be interpreted as inhibition of 

neural activity.  

 
Areas  Intrinsic Connectivity 

Origin - Target  Mean S.E. p value 

LS1 - LSMA  0.351 0.004 <0.0001 

LS1 - RCb  0.013 0.004   0.0028 

LS1 - LM1  0.553 0.005 <0.0001 

LSMA - LS1  0.599 0.005 <0.0001 

LSMA - RCb  0.146 0.004 <0.0001 

LSMA - LM1  0.180 0.005 <0.0001 

LSMA - RSMA  0.221 0.004 <0.0001 

LSMA - RM1  0.097 0.004 <0.0001 

RCb - LS1  -0.227 0.005 <0.0001 

RCb - LSMA  -0.245 0.005 <0.0001 

RCb - LM1  -0.332 0.005 <0.0001 

LM1 - LS1  -0.191 0.004 <0.0001 

LM1 - LSM1  -0.010 0.003   0.0038 

LM1 - RCb  0.060 0.003 <0.0001 

LM1 - RSMA  0.021 0.002 <0.0001 

LM1 - RM1  0.082 0.003 <0.0001 

RS1 - RSMA  0.252 0.004 <0.0001 

RS1 - LCb  0.096 0.003 <0.0001 

RS1 - RM1  0.529 0.005 <0.0001 

RSMA - LSMA  -0.009 0.004   0.0255 

RSMA - LM1  -0.144 0.005 <0.0001 

RSMA - RS1  0.328 0.004 <0.0001 

RSMA - LCb  -0.086 0.003 <0.0001 

RSMA - RM1  -0.043 0.005 <0.0001 

LCb - RS1  -0.264 0.005 <0.0001 

LCb - RSMA  -0.124 0.004 <0.0001 

LCb - RM1  -0.434 0.005 <0.0001 

RM1 - LSMA  0.015 0.003 <0.0001 

RM1 - LM1  0.004 0.003   0.1094 

RM1 - RS1  0.013 0.004   0.0016 

RM1 - RSM1  -0.034 0.003 <0.0001 

RM1 - LCb  0.143 0.002 <0.0001 

Table 5.2 Intrinsic Connectivity Mean Coupling Parameters 

Overall, the intrinsic coupling of neural activity among the motor areas was symmetrically 

organized across both hemispheres (Figure 5.5). The most prominent positive influence on 

intrinsic M1 activity was exerted by S1, while the most prominent negative influence on intrinsic 

M1 activity was exerted by Cb. Endogenous coupling parameters between S1 and SMA were also 
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prominent, while the remaining connections were not as strong. Transcallosal connections between 

SMA were positive from left SMA to right SMA and right M1, but were negative from right SMA 

to left SMA and left M1. Finally, the connection from left M1 to right M1 was positive, but there 

was not a significant intrinsic connection from right M1 to left M1.  

 
Figure 5.6 Task Dependent Modulation 

Width of lines reflects relative strength of connectivity. 
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5.4.3 Task-dependent coupling (DCM B-Matrix) 

Figure 5.6 illustrates the task dependent coupling of each motor task. Specific coupling 

strengths for significant connections (p < 0.05, FDR corrected) are presented in Table 5.3.  

Bilateral 

For the bilateral conditions, there were differences in the patterns of inter-hemispheric 

connectivity. For the RRLS task, modulation of the motor system was found primarily within each 

hemisphere, with the only significant interhemispheric modulation found as negative coupling 

from left M1 to right M1 and positive coupling from left M1 to right SMA. In contrast, for the 

LRRS task, there was significant modulation of all inter-hemispheric connections except from left 

SMA to right SMA. There was negative inter-hemispheric modulation between left SMA and right 

M1 and right SMA and left M1, and from right M1 to left M1. There was positive inter-

hemispheric modulation from left M1 to right M1 and from right SMA to left SMA. 

For the RRLS task, in left the hemisphere (contralateral to the reaching hand), there was 

positive modulation of M1from all areas, positive modulation from S1 to SMA and Cb, negative 

modulation from SMA and Cb to S1, and no significant modulation between Cb and SMA. 

Similarly, during the LRRS task the right hemisphere had positive intra-hemispheric modulation 

from S1 and Cb to M1 and from S1 to SMA.  In contrast, the right hemisphere during the LRRS 

task had no significant modulation between SMA and M1 and negative modulation from SMA to 

Cb and Cb to S1. 

For the RRLS task, in right the hemisphere (contralateral to the stabilizing hand), positive 

modulation of M1 was found only from S1, with positive modulation between Cb and SMA, no 

significant modulation between SMA and M1 or Cb and M1, and the remaining modulations were 

negative between Cb and S1, from SMA to S1, and from M1 to S1. In the left hemisphere for the 
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LRRS task, there was also negative modulation from S1 to Cb and from M1 to S1, as well as 

positive modulation from SMA to Cb. However, the remaining connections showed a different 

pattern, with positive modulation between Cb and M1 and from SMA to S1, and no modulation 

from Cb to SMA, S1 to SMA, Cb to S1, or M1 to SMA. 

 Bilateral Unilateral 

 Left Reach, 

Right Stabilize 

Right Reach 

Left Stabilize Left Reach Left Stabilize Right Reach Right Stabilize 

Origin-Target Mean(S.E.) Mean(S.E.) Mean(S.E.) Mean(S.E.) Mean(S.E.) Mean(S.E.) 

LS1-LSMA n.s. 0.174(0.024) - - 0.178(0.018) 0.235(0.017) 

LS1-RCb -0.080(0.018) 0.151(0.021) - - 0.312(0.016) 0.176(0.015) 

LS1-LM1 0.107(0.026) 0.407(0.024) - - 0.558(0.020) 0.267(0.015) 

LSMA-LS1 0.071(0.019) -0.097(0.028) - - -0.077(0.025) 0.046(0.014) 

LSMA-RCb 0.091(0.017) n.s. - - -0.053(0.014) 0.080(0.014) 

LSMA-LM1 0.070(.022) 0.119(0.024) - - 0.099(0.018) 0.224(0.014) 

LSMA-RSMA n.s. n.s. n.s. 0.054(0.022) 0.060(0.005) 0.178(0.006) 

LSMA-RM1 -0.054(0.027) n.s. - - 0.042(0.013) 0.089(0.012) 

RCb-LS1 n.s. -0.189(0.030) - - -0.279(0.037) -0.060(0.029) 

RCb-LSMA n.s. n.s. - - 0.071(0.027) 0.050(0.026) 

RCb-LM1 0.080(0.022) 0.078(0.016) - - n.s. n.s. 

LM1-LS1 -0.130(0.022) -0.289(0.020) - - -0.407(0.022) -0.127(0.014) 

LM1-LSM1 n.s. 0.112(0.016) - - 0.079(0.017) 0.127(0.014) 

LM1-RCb 0.082(0.013) n.s. - - n.s. n.s. 

LM1-RSMA -0.056(0.021) 0.053(0.014) 0.058(0.016) n.s. - - 

LM1-RM1 0.053(0.025) -0.066(0.016) 0.077(0.017) -0.051(0.018) -0.151(0.009) -0.180(0.008) 

RS1-RSMA 0.098(0.021) n.s. 0.221(0.016) 0.123(0.012) - - 

RS1-LCb 0.079(0.017) -0.054(0.018) 0.245(0.011) 0.194(0.011) - - 

RS1-RM1 0.317(0.019) 0.068(0.025) 0.519(0.017) 0.362(0.016) - - 

RSMA-LSMA 0.061(0.024) n.s. 0.205(0.006) 0.177(0.011) 0.169(0.025) n.s. 

RSMA-LM1 -0.101(0.033) n.s. -0.040(0.016) -0.121(0.018) - - 

RSMA-RS1 n.s. -0.086(0.021) n.s. n.s. - - 

RSMA-LCb -0.036(0.014) 0.037(0.014) 0.042(0.013) -0.119(0.012) - - 

RSMA-RM1 n.s. n.s. n.s. n.s. - - 

LCb-RS1 -0.160(0.031) -0.079(0.032) -0.544(0.026) -0.257(0.030) - - 

LCb-RSMA n.s. 0.071(0.028) n.s. n.s. - - 

LCb-RM1 0.038(0.014) n.s. -0.051(0.015) n.s. - - 

RM1-LSMA -0.126(0.016) n.s. - - n.s. -0.050(0.021) 

RM1-LM1 -0.170(0.018) n.s. -0.085(0.007) -0.077(0.010) 0.057(0.026) n.s. 

RM1-RS1 -0.340(0.020) -0.163(0.021) -0.324(0.017) n.s. - - 

RM1-RSM1 n.s. n.s. -0.032(0.015) n.s. - - 

RM1-LCb n.s. n.s. -0.036(0.005) n.s. - - 

Table 5.3 Task Dependent Modulation 

p < 0.05, FDR Corrected; S.E = Standard Error; n.s. = not significant; - = not included in model 

Unilateral Reach 

For both unilateral reaching conditions, similar patterns in each hemisphere were found 

demonstrating positive modulation from S1 to all areas, negative modulation from Cb and M1 to 
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S1, positive modulation from contralateral to ipsilateral SMA and ipsilateral to contralateral M1, 

and negative modulation from contralateral to ipsilateral M1. During the RR task, there was 

negative modulation from SMA to both S1 and Cb; positive modulation from Cb to SMA and 

contralateral SMA to ipsilateral M1; and no modulation between Cb and M1 or from ipsilateral 

M1 to contralateral SMA. In contrast, during the LR task, there was negative modulation from 

contralateral SMA to ipsilateral M1, M1 to SMA, and between Cb and M1; positive modulation 

from SMA to Cb and from ipsilateral M1 to contralateral SMA; and no modulation from SMA to 

S1, SMA to M1, or Cb to SMA.  

Unilateral Stabilize 

For both unilateral stabilizing conditions, similar patterns in each hemisphere were found 

demonstrating negative modulation from contralateral to ipsilateral M1, and from Cb to S1; 

positive modulation from S1 to all areas, and from contralateral to ipsilateral SMA. During the LS 

task, there was negative modulation from SMA to Cb, contralateral SMA to ipsilateral M1, and 

from ipsilateral to contralateral M1; positive modulation from ipsilateral to contralateral SMA; 

and no modulation between SMA and M1. In contrast, for the RS task, there was negative 

modulation from ipsilateral M1 to contralateral SMA; positive modulation from SMA to S1, 

between SMA and Cb; and between SMA and M1. 

5.5 Discussion 

The current study investigated arm-hemisphere specific connections modulated by 

reaching and stabilizing arm roles during unilateral and bilateral tasks. We studied a group of right-

hand dominant young adults who had previously demonstrated specializations of the right 

(dominant) arm for reaching and manipulating, and the left (non-dominant) arm for stabilizing 

during complementary bilateral coordination (Chapter 3). Subjects performed a complementary 



 31 

bilateral task and corresponding unimanual tasks of each hand in a MRI environment. Task-

specific modulations were then modeled using a DCM analysis of effective connectivity. Intrinsic 

connectivity results reflected the expected connectivity of the system. For example, the Cb 

demonstrated negative modulation of M1 activity. Our results of task-specific modulation of 

connectivity, overall, illustrated a) predominantly intra-hemispheric modulation during the RRLS 

task compared to interhemispheric modulation between all areas during the LRRS task; b) positive 

interhemispheric modulation between bilateral SMA and intrahemispheric modulation from SMA 

to M1 during the RR task vs. positive modulation from contralateral to ipsilateral SMA and 

negative intrahemispheric modulation from M1 to SMA during the LR task; and c) positive 

interhemispheric modulation between bilateral SMA and positive intrahemispheric modulation of 

M1 predominantly from S1 during the LS task vs. positive modulation from contralateral to 

ipsilateral SMA and positive modulation of M1 from both S1 and SMA. 

5.5.1 Interhemispheric modulation during bilateral tasks 

Our findings indicate that for the RRLS bilateral task, in which each hand performed its 

specialized sub-role (based on Chapter 3), modulation was predominantly intrahemispheric. In 

comparison, for the LRRS bilateral task, in which each hand performed its non-specialized sub-

role, there was interhemispheric modulation between all areas, which was both positive and 

negative. Previous studies have suggested that interhemispheric inhibitory interactions are 

essential for preventing interference from the opposite hemisphere during bilateral tasks (Goble et 

al., 2010; Rémy et al., 2008). In contrast, another study demonstrated modulation between 

premotor and primary motor areas, which was facilitatory when the left hand was required to move 

faster than the right and inhibitory when the right hand was required to move faster than the left 

(Fujiyama, Van Soom, Rens, Cuypers, et al., 2016). This same study also found a facilitatory effect 
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of bilateral dorsolateral prefrontal areas with contralateral M1 with increased task difficulty. Our 

findings suggest there is less reliance on interhemispheric inhibitory connections when performing 

a bilateral task that reflects arm-hemisphere specialized roles. However, in agreement with 

previous research, as task difficulty increases, when the hand roles are reversed, there is negative 

interhemispheric modulation between SMA and M1. Further, we showed positive modulation 

between bilateral SMA suggesting increased reliance of prefrontal areas with increased task 

demands, similar to Fujiyama et al, (2016). 

5.5.2 Reciprocal coupling between SMA  

For the unilateral tasks, the reciprocal positive coupling between bilateral SMA was only 

found when the hands performed its specialized sub-role (RR and LS tasks). In contrast, there was 

only positive modulation from contralateral to ipsilateral SMA when the hand performed its non-

specialized sub-role (LR and RS tasks). Positive modulation of ipsilateral SMA is in agreement 

with previous evidence, which typically illustrates ipsilateral activation during unilateral tasks 

(Derosière et al., 2014; Kawashima et al., 1994; Kim et al., 1993; Kobayashi et al., 2003; Remy et 

al., 1994; Van Wijk et al., 2012; Verstynen et al., 2005), and which is found predominantly in 

frontal movement preparation areas (Geyer, Matelli, Luppino, & Zilles, 2000; Verstynen et al., 

2005). Further, the reciprocal coupling between these areas observed during the LR and RS tasks 

is likely reflective of better processing of sensory and attention information, which is received 

bilaterally (Kuypers, 1982). 

5.5.3 Feedforward stabilizing control modulated by feedback control 

During the LS condition, positive modulation of M1 occurs only from S1, which was also 

observed in the right hemisphere during the RRLS stabilize. In addition, during the LS task, there 

was positive modulation from S1 to both Cb and SMA and negative modulation from Cb back to 
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S1. Previous studies have suggested that the right hemisphere is specialized for limb impedance, 

which it accomplishes primarily through feedforward control that incorporates feedback control 

(Yadav & Sainburg, 2014; Yadav, Sainburg, Haaland, Sainburg, & Milner, 2014). Taken together 

with our results, this suggests that the positive modulation of S1 to M1 may reflect the feedforward 

control of the right hemisphere, while the connections between S1, SMA, and Cb may reflect the 

feedback control of the right hemisphere for impedance control. However, given that we did not 

measure performance in the MRI, further investigation is required. 

5.5.4 Conclusions 

 
These results provide the first neural evidence for the dynamic-dominance hypothesis. 

During bilateral coordination, the greatest differences were seen in interhemispheric modulation, 

with primarily intra-hemispheric modulation when each hand performed its specialized sub-role 

compared to modulation of most interhemispheric connections when each hand performed the 

opposite task. In addition, based on the modulation differences during the unilateral tasks, the 

behavioral advantage of the a) right hand for reaching may relate to more efficient SMA – M1 

modulation within the left hemisphere; and b) the left hand for stabilizing may related to more 

efficient S1 – M1 modulation of the right hemisphere. 
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CHAPTER 6: DISCUSSION AND SUMMARY OF FINDINGS WITH LIMITATIONS 

AND FUTURE DIRECTIONS 

6.1 Summary 

The overall objective of this dissertation was to investigate the effect of hemispheric 

specializations during complementary bilateral coordination in young and old individuals. 

Specifically, we hypothesized that specializations of the left hemisphere for predictive control and 

the right hemisphere for impedance control would be expressed during complementary bilateral 

tasks in young adults and be reduced in older adults. To test this hypothesis, young and old adults 

performed a complementary bilateral coordination paradigm. Dynamic mechanical coupling 

between the arm was achieved using a spring mechanism between the arms, in which one arm 

performed a center-out reaching task and the other arm maintained its position. Thus, the reaching 

arm must control the spring load to make smooth and accurate trajectories and the stabilizing arm 

must impede the spring load to keep a constant position. Young adults also performed a modified 

version of this task in a MRI environment to investigate task-specific modulations of effective 

connectivity underlying hemispheric specialization.  

In chapter 3, we addressed Specific Aim 1: Determine arm-hemisphere specializations in 

reaching and stabilizing movement performance during complementary bilateral coordination in 

young non-disabled adults. Our results illustrated optimal kinematic performance of right arm 

while reaching (less deviation from linearity), left arm while stabilizing (less cumulative 

displacement), and left (vs. right) arm muscle torques more effectively countering imposing spring 

torques while stabilizing (less compliance). These kinematic results were also illustrated again 

when subjects performed the same task without a spring. Thus, these results provided support for 

the arm-hemisphere specializations of the dynamic-dominance model during a complex bilateral 
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task with hand roles like most functional bilateral activities.  Previous studies suggest that 

“coupling” occurs during asymmetric bilateral tasks, such that the right (dominant) hand tends to 

lead the left (non-dominant) hand, with greater error when the left arm is required to lead or 

perform the more complex task (de Poel et al., 2007; Stucchi & Viviani, 1993; Treffner & Turvey, 

1996; Walter & Swinnen, 1990a). However, our results during the no spring condition demonstrate 

that the greater displacement of the right arm while stabilizing was not “coupled” with the left 

reaching arm. The right arm ineffectively countered interaction torque traversed by the trunk from 

the reaching arm and the muscle torque of the stabilizing arm was not related to the muscle torque 

of the reaching arm, independent of reaching and stabilizing performance. In summary, the results 

of the present study suggest that bilateral task performance depends on the motor control 

mechanisms required of each hand, with optimal coordination observed when the right arm 

performs tasks with greater predictive and movement trajectory motor control demands and the 

left arm performs tasks with greater impedance control demands. 

In Chapter 4 we addressed Specific Aim 2: Determine arm-hemisphere specializations in 

reaching and stabilizing movement performance during complementary bilateral coordination in 

older compared to younger adults. Our results indicated that A) absolute performance of both arms 

decreased with age; B) motor lateralization increased with age, with greater asymmetry observed 

between the arms for older adults; and C) increased lateralized asymmetry with aging was related 

to both motor and cognitive function. More specifically, these results suggest that greater left 

MGS, increased age, and better performance on the Map Search subtest was related to greater 

stabilizing asymmetry between the arms, while better performance on the Visual Elevator test 

related to decreased asymmetry between the stabilizing arms. These results contrast with the 

current literature and provides the first evidence of increased lateralization with age. Prior studies 
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have suggested greater reliance on interhemispheric connections with aging may compensate for 

age-related structural and functional changes during unilateral and symmetric tasks, yet a declined 

ability to modulate these connections has been associated with deficits during more complex 

bilateral tasks. We postulate that in combination with our results, age-related changes to 

interhemispheric connections may impair sensorimotor and attention processing, especially 

important for the non-specialized hemisphere during complex tasks, which increases the interlimb 

asymmetry during our complementary bilateral task. 

In Chapter 5, we addressed Specific Aim 3: Identify and compare the neural networks 

specific to performing a complementary bilateral task in young adults. Our results illustrated A) 

greater intra-hemispheric modulation for the right arm reach – left arm stabilize bilateral task 

compared to greater inter-hemispheric modulation for the left arm reach – right arm stabilize 

bilateral tasks; B) reciprocal positive coupling between bilateral SMA for the right arm reach and 

left arm stabilize unilateral tasks; and C) a greater role for positive modulation from S1 to M1 for 

left arm stabilize vs. right arm stabilize tasks. Thus, our findings suggest there is greater reliance 

on intra-hemispheric modulation and less reliance on interhemispheric inhibitory connections 

when performing a bilateral task that reflects arm-hemisphere specialized roles. In addition, the 

reciprocal coupling between these areas observed during the right reach and left stabilize tasks is 

likely reflective of better processing of sensory and attention information, which is received 

bilaterally (Kuypers, 1982). Finally, we posit that the positive modulation of S1 to M1 may reflect 

the feedforward control of the right hemisphere, while the connections between S1, SMA, and Cb 

may reflect the feedback control of the right hemisphere for impedance control. However, given 

that we did not measure performance in the MRI, further investigation is required. 
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6.2 Limitations 

A limitation of the experiments in chapters 3 and 4 relates to our measure of compliance. 

The current method described for analyzing compliance assumes that compliance is linear. 

However, this may not provide a consistently accurate measure of joint compliance given that the 

arm is made up of numerous materials with variables properties, some of which also change during 

a movement. For example, there are likely non-linear changes in muscle compliance due to 

changes in muscle length and the number of motor-units/muscle fibers actively contracted during 

movement. Though we acknowledge this limitation, the analysis used in the Chapter 3 and 4 is an 

accepted method of analyzing joint compliance.  

An additional limitation of Chapter 4 is that we cannot determine the relationship between 

the degree of asymmetry and functional performance of ADLs across the lifespan. Given that there 

are currently no validated assessments of bilateral function for the typical population across the 

lifespan, currently we can only infer function from the cognitive and motor outcome measures we 

included. Future studies could utilize an eye-tracker to directly assess visual attention during the 

task. 

For the fMRI experiment detailed in Chapter 5, there are also limitations. First, since we 

could not measure motor performance of the task performed in the MRI, we could not directly 

relate our effectivity connectivity measures to performance. However, we tried to mitigate this 

limitation by including participants who had previously demonstrated behavioral asymmetries for 

a similar task outside of the scanner. A second, related, limitation is that we did not use EMG to 

confirm that there was no bilateral muscle activation during unilateral tasks. A third limitation is 

that the set of ROIs we included in the analysis may not have provided the best possible model. 



 43 

Future analyses should include different combinations of the ROIs used currently as well as other 

important areas of sensorimotor control such as the putamen or thalamus.  

6.3 Future Directions 

 The current study opens many future areas to investigate the motor control and learning of 

bilateral coordination in young, older, and clinical populations, such as stroke. For example, it is 

not clear if the interlimb asymmetry is innate or learned due to experience over time. Human 

fetuses demonstrate asymmetric arm movements prior to cortical control of arm movement has 

developed (de Vries, Visser, & Prechtl, 1985; Hepper, Mccartney, & Shannon, 1998). 

Correspondingly, recent evidence also demonstrated asymmetries in gene expression of fetuses at 

8, 10, and 12 weeks (Ocklenburg et al., 2017). While this evidence supports the idea that interlimb 

asymmetry may be innate, previous research also suggests it may be a combination of both given 

that left handers demonstrate reduced asymmetry between the arms (Przybyla, Good, & Sainburg, 

2012). To address this question, a longitudinal design at both ends of the age-span would be 

optimal for future investigations, as well as motor learning studies to assess potential long-term 

changes in motor lateralization of both right and left-handers in response to training. 

Another area for future research would be to investigate the interlimb asymmetry during 

bilateral tasks in individuals after stroke in the dominant vs. non-dominant hemisphere. Prior 

research has identified hemisphere specific deficits in both the contralesional and ipsilesional arms, 

which likely affect motor performance of a complementary bilateral tasks as well. Given the age-

related bilateral coordination deficits and evidence in support of bilateral rehabilitation (Cauraugh 

& Summers, 2005; McCombe Waller & Whitall, 2008; Sainburg et al., 2013; Whitall et al., 2000), 

it is also important to examine bilateral motor learning deficits and methods for optimizing 

bilateral motor learning, in older adults and patients. For example, in older adults, different 
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performance changes following training suggest that there is an advantage to utilizing implicit 

motor learning approaches, given that implicit learning appears to be preserved with aging while 

explicit learning is not (Bhakuni and Mutha 2015; Hoff et al. 2015). These investigations would 

have the potential to characterize a viable motor learning paradigm of complementary bilateral 

coordination and provide a functional model for assessing and incorporating complementary 

bilateral tasks to aid in the development of novel rehabilitation approaches in older adults with 

motor deficits and clinical populations such as stroke.  
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APPENDIX 

 

A.1 Chapter 4 – No Spring Condition Methods 

 

A.1.1 Participants 

 
Participants completed the same task without a spring affixed between the two arm sleds. 

Though we normalized stabilizing performance based on the spring force perturbations in the study 

above, we wanted to investigate if these differences occurred without a mechanical interaction 

between the arms. Previous studies have suggested there is a tendency of the right arm to be 

coupled with the left, potentially due to motor overflow (Heuer, 1993; Hu & Newell, 2011; 

Spijkers & Heuer, 1995). Thus, when performed with the spring, it was possible that interlimb 

differences may have been confounded by the mechanical coupling of the spring or neural 

coupling. 

For this study, the participants, experimental task, data processing and analysis, and 

kinematic analyses were identical to study one, described above.  

A.1.2 Inverse Dynamics 

Joint torques were quantified using the method described by Schneider and Zernicke 

(1990) (Schneider & Zernicke, 1990). The terms in the equations of motion were partitioned into 

three main components to calculate 1) muscle torque, which estimates the rotational forces from 

muscle contraction; 2) interaction torque, representing forces imposed by the movement of other 

limb segments; and 3) net torque, the sum of the muscle and interaction torques (Bagesteiro & 

Sainburg, 2002; Sainburg et al., 1999). Interaction torque generated at the elbow was primarily 

related to shoulder rotational accelerations and velocities, as motions of body segments proximal 

to the shoulder were constrained. However, any motion of the body was reflected by our measure 

of shoulder point acceleration, and thus is included in our interaction torque. Limb segment inertia, 
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center of mass location, and mass were computed using subjects body weight and limb segment 

lengths (Winter, 1990). To compare the intersegmental coordination of trials of stabilizing 

performance, we compared muscle and interaction torques at the time of peak net torque, 

normalized by the net torque magnitude. Thus, a larger value reflected greater contribution of 

either muscle or interaction torque to the net torque, which is directly proportional to joint 

acceleration 

To investigate the interlimb difference in dynamic control, we examined the contribution 

of muscle and interaction torque at the time of peak interaction torque for the stabilizing arm. Both 

muscle and interaction torque magnitudes were normalized by peak net torque. 

A.1.3 Statistical Analysis 

Similar to study one, to ensure subjects were familiarized with the task and to control for 

any potential effects of interlimb transfer, we limited all analyses to steady-state performance. To 

ensure that we were including only subjects’ steady-state performance, we calculated the mean 

coefficient of variation (CV) for peak velocity per testing block of all testing sessions (Sainburg 

et al., 2016). We statistically assessed steady-state performance by a 2 (Age Group: young, old) 

by 2 (Arm: left, right) by 10 (Block) mixed factor ANOVA. The first blocks with highest CV were 

then excluded, steady state performance was confirmed with a subsequent mixed factor ANOVA 

including only the remaining blocks, and dependent variables were then collapsed across these 

remaining blocks for further analysis. 

Further, given the relationship between movement velocity and accuracy (Fitt, 1954), prior 

to testing the primary hypothesis, we needed to first ensure that peak movement velocity of the 

reaching arm was comparable for both arms during the no spring and spring conditions. To do so, 

we performed a mixed factor ANOVA on mean peak velocity data with arm and target as within-
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participant factors and age group as a between-participant factor. We expected only a main effect 

of target direction, but no effect of arm, thereby indicating comparable left and right reaching arm 

peak velocities.  

To compare reaching and stabilizing performance, repeated-measure mixed model 

ANOVAs with within-group factors of arm (right vs. left) and target group were used, for the no 

spring and spring conditions independently. In addition, as endpoint stiffness varies based on arm 

orientation and force direction (Perreault et al., 2002) we grouped the trials with reaching targets 

located medial, center, and lateral with respect to the start position of the reaching arm. All 

statistical analyses were completed using JMP software (SAS Institute Inc., Cary, NC). 

To ensure participants were familiarized with the task and to control for any potential 

effects of interlimb transfer, we limited all analyses to steady-state performance. To ensure that 

we were including only participants’ steady-state performance, we calculated the mean coefficient 

of variation (CV) for peak velocity per testing block of all testing sessions (Sainburg et al., 2016). 

In addition, to control for any initial effects of force adaptation due to the spring, we calculated 

CV for end error of the second condition. Each of the testing sessions consisted of 70 trials, 

separated into 10 blocks of seven trials. We statistically assessed steady-state performance by a 2 

(Age Group: young, old) by 2 (Arm: left, right) by 10 (Block) mixed factor ANOVA. The first 

blocks with highest CV were then excluded, steady state performance was confirmed with a 

subsequent mixed factor ANOVA including only the remaining blocks, and dependent variables 

were then collapsed across these remaining blocks for further analysis. 

Further, given the relationship between movement velocity and accuracy (Fitt, 1954), prior 

to testing the primary hypothesis, we needed to first ensure that peak movement velocity of the 

reaching arm was comparable for both arms. To do so, we performed a mixed factor ANOVA on 
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mean peak velocity data with arm and target as within-participant factors and age group as a 

between-participant factor. We expected only a main effect of target direction, but no effect of 

arm, thereby indicating comparable left and right reaching arm peak velocities.  

All statistical analyses were completed using JMP software (SAS Institute Inc., Cary, NC). 

A.2 Chapter 4 – No Spring Condition Results 

 

A.2.1 Steady-state Performance  

 

 
Figure A.2.2 No Spring Steady-State Performance 

 

Reaching velocity CV of the no spring condition was highest during the initial two blocks, 

as illustrated in Figure 4.2A and reflected by a main effect of block with all blocks included in the 

mixed factor ANOVA (F(9,342) = 8.44, p < 0.0001). However, once the first two blocks were 

removed, there was no longer a significant main effect of block (F(7,266) = 1.41, p = 0.2012). 

Reaching velocity CV of the spring condition was highest during the initial two blocks, with 

greater differences in the old adults, as illustrated in Figure 4.2B and reflected by a significant 

main effect of block (F(9,342) = 3.66, p = 0.0002) and age group (F(1,38) = 18.19, p = 0.0001). 

However, once the first two blocks were removed, there were no significant effects for the CV of 

reaching velocity F(7,266) = 1.61, p = 0.1325). There was no effect of block for the CV of reaching 

arm end error for the second condition order (F(9,324 = 1.11, p = 0.3529) and no effect of age 
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group (F(1,36) = 3.59, p = 0.0660). The remaining results were analyzed using the steady-state 

performance observed during blocks 3-10. 

A.2.2 Reaching Velocity 

 
As expected, movement velocity of the reaching arm did vary by target (F(2,76) = 210.64, 

p < 0.0001), but did not vary between the arms (F(1,38) = 0.18, p = 0.6704). Therefore, target was 

included as a within-subject factor for the subsequent results. In addition, velocity also varied by 

age group (F(1,38) = 18.16, p < 0.0001). As illustrated in Figure 4.3A, the young adults reached 

faster than the older adults, though both groups presented similar differences between target 

reaching velocities, with the fastest reaches in the lateral direction. 

 
Figure A.2.3 No Spring Reaching Velocity 

 

A.2.3 No Spring Condition Interlimb Comparison 

 
Kinematics 

Reaching Arm - As shown in Figure 4.4A, the left reaching arm illustrated significant 

greater deviation from linearity compared to the right arm (F(1,38) = 23.11, p < 0.0001), which 

varied by age group (F(1,38) = 14.34, p = 0.0005) and target direction (F(2,76) = 14.14, p < 

0.0001). There was also a significant age group by target interaction, in which older adults’ 

reaching performance demonstrated significantly greater deviation from linearity for more medial 

targets, compared to young adults (F(2,76) = 7.77, p = 0.009; Figure 4.4A shows that end error did 

not vary between the arms (F(1,38) = 2.99, p = 0.0915), though there was a trend for the left arm 
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to have greater error than the right. End error also varied by target (F(2,76) = 16.53, p < 0.0001), 

but did not vary by age group (F(1,38) = 2.58, p = 0.1163). Similar to prior investigations of 

unilateral asymmetries, the right arm illustrated straighter reaching trajectories. In contrast to prior 

investigations, there were no differences between the arms with regard to accuracy of the final arm 

position at the target.  

 
Figure A.2.4 No Spring Condition Kinematics 

 

Stabilizing Arm – Similarly, we compared hand displacement and maximum acceleration 

of the left and right stabilizing arm. As illustrated in Figure 4.4B, the right arm stabilizing 

performance was worse, with greater hand displacement (F(1,38) = 57.44, p < 0.0001) and 

acceleration (F(1,38) = 28.63, p < 0.0001) compared to the left arm, which also varied by target 

direction for both performance measures (hand displacement: F(2,76) = 116.03, p < 0.0001; 

acceleration: F(2,76) = 83.16, p < 0.0001). Hand displacement also varied by age group (F(1,38) 

= 8.26, p = 0.0066) with a significant age group by hand interaction, demonstrating worse 

stabilizing performance and greater asymmetry between the left and right arm stabilizing 

performance for older adults (F(1,38) = 8.38, p = 0.0063). 

Inverse Dynamics. 
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Results presented above demonstrate superior performance of the right arm for reaching 

and the left arm for stabilizing. To investigate the interlimb difference in dynamic control, we 

examined the contribution of muscle and interaction torque at the time of peak interaction torque 

for the stabilizing arm. Figure 4.5A illustrates that peak net torque of the left shoulder was due 

primarily to interaction torque, with a small contribution of muscle torque in the opposite direction 

of the interaction torque. In contrast, the interaction and muscle torque of the right shoulder acted 

in the same direction, which contributed to the increased peak net torque. At the shoulder, these 

differences were reflected by a significant main effect of arm and target direction for both the 

muscle and interaction (arm: F(1,38) = 424.80, p < 0.0001; target: F(2,76) = 17.71, p < 0.0001) 

torque. There was also an effect of age group (F(1,38) = 9.65, p = 0.0036) and a significant age 

group by hand interaction for both muscle and interaction (F(1,38) = 7.82, p = 0.0081)  torque. 

More specifically, older adults contributed greater muscle torque in the opposite direction of 

greater interaction torque for the left stabilizing shoulder, as illustrated in Figure 4.5B. For the 

elbow joint, there were no differences between the arms in muscle or interaction (F(1,38) = 1.19, 

p = 0.2826).  

However, given that the stabilizing arm was not mechanically coupled with the reaching 

arm, it was not clear whether this superior performance of the left arm was indicative of 1) 

differences in stabilizing coordination in response to interaction torque from the trunk or, 2) a 

tendency of the right arm to be coupled with the left, based on previous suggestions of motor 

overflow and bilateral inphase/antiphase literature (Heuer, 1993; Hu & Newell, 2011; Spijkers & 

Heuer, 1995). Therefore, we investigated the relationship between the muscle torque of the 

reaching and stabilizing arm joints. If the increased muscle torque of the right arm was due to 

coupling, we expected a greater positive relationship between the right stabilizing arm and left 
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reaching muscle torques compared to the left stabilizing and right reaching arm. The correlations 

between the reaching and stabilizing arm were low for both stabilizing arms, with no differences 

in slope for the elbow (F(1,38) = 0.70, p = 0.4069) or the shoulder (F(1,38) = 0.61, p = 0.4408), 

illustrated in Figure 4.5C. The strength (R2) of these correlations were low for both arms, which 

was stronger at the right elbow (F(1,38) = 11.04, p = 0.0020) and left shoulder (F(1,38) = 66.33, p 

< 0.0001), illustrated in Figure 5D. This suggests that bilateral activation did not cause the 

increased movement of the right arm during stabilization, since the strength of the correlations 

were low and there was a stronger correlation for the left shoulder, which stabilized better than the 

right.  

 
Figure A.2.5 No Spring Condition Stabilizing Arm Dynamics  
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