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ABSTRACT 
 
 
Purpose: The purpose of this study was to investigate the origins of differing tonic 

muscle activity in three populations with known differences in neuromuscular processing. 

Methods: We manipulated healthy young adults, healthy older adults and individuals with 

Parkinson’s disease (PD), both on and off dopamine therapy medication, with a novel 

technique related to muscle after contraction (MAC). We also investigated the transfer of 

tonic activity to the contralateral (unmanipulated) limbs to determine whether tonic 

activity is modulated through inhibitory and facilitatory interneuronal processes at a 

peripheral, spinal, or supraspinal level. In independent trials, we examined MAC in both 

proximal (medial deltoid) and distal (tibialis anterior) postural musculature by having 

subjects perform a voluntary, isometric contraction of the upper arm or ankle, 

respectively. Using surface electromyography (sEMG) to record the activity of the motor 

units before, during and after contraction, we were able to examine the differences in 

motor unit recruitment across the different populations from both an amplitude and 

frequency analyses. To test the transfer of tonic muscle activity to contralateral limbs, we 

manipulated conscious attention by having individuals focus on the unmanipulated limb 

during the post-contraction phase. Results: Our result shows significant changes in the 

prevalence of MAC with age and disease state. Moreover, some subjects with PDs showed 

variable evidence of tonic motor irradiation across the body, which was not seen in 

healthy individuals. Subjects with PD also showed unintended involuntary movement in 

the contralateral limb when treating the affected side, but were able to inhibit this behavior 

when explicit attention was paid to the unmanipulated side. Healthy young adult subjects 

consistently showed a MAC in their medial deltoids. Healthy older adults returned to 
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baseline muscle activity following a contraction. During the attention conditions, there 

was increased muscle activity in the contralateral limb across subject groups. 

Conclusions: The findings from this series of studies may deepen our understanding of 

how aging and neural disease affect the unconscious tonic neuromuscular processes that 

serve as the foundation for all motor activity. This may help shape future rehabilitation 

techniques, particularly in decreasing fall risk, for the PD population as well as healthy 

agers.  
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CHAPTER 1 
INTRODUCTION 

 

It has been well established that following a voluntary muscle contraction, such as 

pushing the back of your hand against a wall for an extended period of time (in 

physiological terms, i.e. 20-30 sec) then voluntarily relaxing, the muscle involuntarily 

contracts and repeats the same movement. This is known as a muscle after-contraction 

(MAC) and can often be seen without instrumentation (Sapirstein, Herman, Wallace, 

1937; Sapirstein, Herman, Weschler, 1938). However, using surface electromyography 

(sEMG) during isometric contraction of an isolated muscle group can give us insight into 

motor unit recruitment and neurophysiological processes. The practical importance of this 

MAC is still not fully understood, but is well accepted that involuntary tonic activation of 

muscles plays a critical role in long term maintenance of posture, particularly for 

updating, or recalibrating an individual’s postural reference frame within a changing 

environment (Wright 2011; Duclos, Roll, Kavounoudias & Roll, 2007; Stuart, Butler, 

Collins, Taylor & Gandevia, 2002; Craske & Craske, 1986).  

The MAC was originally described a century ago (Salmon, 1914; Kohnstamm, 1915). 

Kohnstamm reasoned that the MAC occurs because during contraction the activated 

muscle takes on a new equilibrium point, so once relaxed, the muscle returns to that new 

point. He believed that there was a specific innervation in the muscle responsible for this 

behavior. Following studies comparing healthy subjects with spinal cord and brain 

lesioned subjects, Salmon concluded that the MAC originates cortically and not from the 

spinal cord following studies conducted that compared healthy subjects with subjects with 
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brain lesions and subjects with spinal cord lesions  (Salmon, 1916; cited in Sapirstein et 

al, 1937, Sapirstein et al, 1938).  

Sapirstein et al. (Sapirstein, Herman, & Wallace, 1937) also investigated the MAC and 

ways to facilitate and inhibit the effect. In their procedure, subjects stood on a platform, 

supporting their weight on one leg, while letting the other leg hang freely. A riding spur 

was attached to the heel of the free leg, with weights attached to the spur. In this set-up, 

the MAC was measured following flexion at the hip. The subject was required to elevate 

the weighted leg for an instructed time, ranging between 10 and 20 seconds. The 

movement of the leg was recorded using a kymograph, which was also attached to the 

spur. Following a second command, the leg was relaxed and any involuntary muscle 

activity was recorded on the kymograph during this post-contractory period. In many 

cases, MAC, i.e. involuntary muscle activity above initial baseline activity, was measured 

(Sapirstein, Herman, & Wallace, 1937).  

Despite the MAC being an involuntary action, subjects generally report a feeling of 

effortless floating or lightness in the limb. However, even in the absence of sensory 

feedback, MAC can still be present. Matthei found that inhibiting the sensory nerves did 

not affect the MAC, other than the subject being unaware that it was occurring (Matthaei, 

1924). Sapirstein et al. found that the time period of the after effect lasted longer when 

contraction duration was longer (Sapirstein et al., 1937). They also found that lifting more 

weight during voluntary contraction resulted in an amplitude increase of the MAC. 

Interestingly, they also discovered that contracting the ipsilateral arm during the elevation 

of the foot could also enhance the MAC, while contracting the contralateral arm was 

likely to decrease MAC. The only explanation they could deduce form these results was 
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that it was suggestive of a pattern of “cortical spread” (Sapirstein et al., 1937) (Sapirstein 

et al., 1938).  

After conducting experiments that explored MAC of the upper extremity, Craske and 

Craske (1985; 1986) attributed MAC to an oscillator mechanism in the motor system. In 

their first experiment, subjects pressed an arm sideways against a flat surface for thirty 

seconds; after the subjects were instructed to relax the arm, they observed an involuntary 

oscillation of the arm in the frontal plane. In their second experiment, subjects 

experienced a downward force at the wrist, while maintaining their forearm in a horizontal 

position and at a right angle to the upper arm for thirty seconds. After which, the 

investigators observed two concurrent oscillations in the sagittal plane, one in the shoulder 

and one in the elbow. These oscillations occurred at the same frequency and in phase with 

one another. As noted previously, subjects were aware that the aftereffect was occurring, 

but it was completely involuntary (Craske and Craske, 1985; 1986).   

Craske and Craske proposed three specific conclusions based on their observations 

during the experiments described above. First, the motor system is driven by an oscillator 

mechanism. This was deduced because of the long-lasting oscillatory effect of the MAC. 

Second, the oscillator mechanisms are coupled. This was concluded because the elbow 

and shoulder were observed to be phase-locked during the after contraction. Lastly, the 

mechanism responsible for the after contraction is not limb specific. This is based off of 

the transferability of the oscillations between limbs. This was determined when it was 

discovered that paying attention to the unmanipulated limb, yielded an after contraction in 

that limb in addition to the after contraction in the manipulated limb. This led the authors 

to further conclude that the oscillator mechanism is controlled at a higher level than that of 
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the muscle (Craske & Craske, 1986). In other words, the mechanism has some central 

rather only peripheral nervous system drive. 

While Craske and Craske provided evidence that suggests an oscillatory mechanism, 

they did not account for gravitational effects. In their study, it is possible that the 

extremity simply acted like a one degree of freedom pendulum, in which gravity effects 

would have caused the oscillatory behavior that Craske and Craske witnessed.   

A useful tool to help determine what may be occurring at the cortical level during 

MAC is to use surface electromyography (sEMG), pre-, during and post- voluntary 

contraction. sEMG is a non-invasive technique that measures the net electrical muscle 

activity, which contains both an amplitude and frequency component that can provide 

insight into motor unit recruitment. There are multiple ways to analyze the sEMG signal, 

other than a visual inspection of whether the muscle is “on” or “off.” Two ways are 

described below.  

One way is to use a Fourier Transform (FT), which uses sine and cosine functions to 

calculate the power at a particular frequency. In order to carryout a FT, time is arbitrarily 

divided, so the measurement of time is essentially lost. However, using a short-time 

Fourier Transform (STFT) to calculate the power is a technique that can be used to 

preserve this time information. The STFT uses a function with a set window size. That 

function is then applied to the signal along the time axis to determine the power over the 

length of the signal. The fixed window function limits the quality of the time-frequency 

resolution, as explained by the uncertainty principle; meaning the time resolution can be 

high, but at the cost of a low frequency resolution, or vice versa. The STFT uses long 

windows at low frequencies and short windows at high frequency  (Kıymık, Güler, 
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Dizibüyük, & Akın, 2005). Our study uses sEMG to detect low frequencies, so a long 

window would be more informative than a short window. There is evidence of increased 

background noise when doing a time-frequency analysis using the STFT and this limits 

one’s ability to de-noise when using the STFT, especially at lower frequencies (Giurgiutiu, 

& Yu, 2003).  

An alternative to the STFT, is to do a wavelet transform. A wavelet transform 

decomposes the signal into a set of functions called wavelets (Kıymık, Güler, Dizibüyük, 

& Akın, 2005). A wavelet transform uses a size-adjustable window to perform a two 

dimensional analysis and can therefore extract the coefficients for the frequencies of 

interest, thus limiting the noise at lower frequencies (Giurgiutiu, & Yu, 2003). 

A Continuous Wavelet Transform (CWT), allows for multiple characteristics of the 

signal to be extracted from the sEMG signal without losing time information. Like Fourier 

transforms, CWTs allow for the calculation of power, but do so by using Mother Wavelets 

thus preserving time information. A CWT uses continuous scaling and translation 

parameters to obtain a time-scale representation of the signal. When the signal is 

decomposed it is defined as different scaled versions of the wavelet. Therefore, a scale is 

introduced as a replacement for frequency in the output (Kıymık, Güler, Dizibüyük, & 

Akın, 2005).  

The Mother Wavelet one may use depends on the shape of the signal. There have been 

many successful applications of wavelet transforms EMG signals (Canal, 2010; Lauer, 

Stackhouse, Shewokis, Smith, Tucker, & McCarthy, 2007). In one application, a CWT 

approach was applied in a retrospective study to examine the sEMG activity of children 

with cerebral palsy during a gait analysis (Lauer et al 2007). The authors chose to use a 
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Morlet as their Mother Wavelet (Torrence & Compo, 1998) based on previous studies that 

determined this was the optimal wavelet to use to analyze this type of sEMG signal (Lauer  

Stackhouse, Shewokis, Smith, Orlin & McCarthy 2005; Karlsson, Ostlund, Larsson & 

Gerdle,  2003). The Morlet wavelet is defined as: 

!! ! = !!!.!"!!!!!!!!
!
!  (1) 

 
where η is a non-dimensional time parameter and ω0 is the non-dimensional 

frequency.  The CWT analysis yielded a three dimensional scalogram with time, 

frequency and power on the x-, y- and z-axis respectively (Lauer et al., 2007). A CWT 

analysis of EMG signals has also been successfully applied to the PD population to 

explore the effectiveness of anti-parkinsonian medication (Strambi, Soo-kyung, Rossi, De 

Michele & Sello, 2004). This study also used a Morlet as their Mother Wavelet. 

The next step in analyzing the sEMG signal is to convert the three-dimensional 

scalogram to a two-dimensional time frequency plot. This is done with an instantaneous 

mean frequency (IMNF) calculation. The IMNF allows for the calculation of the average 

frequency over a given time duration. The IMNF is defined as: 

!"#$ ! = !!!!! !,! !"
! !,! !"    (2) 

 
where t is the percent of the gait cycle, or time, f is the frequency and P(t,f) is the power, 

or magnitude, at a specific time and frequency.  In previous application, the IMNF was 

calculated at every time interval to yield an average frequency curve during the gait cycle, 

which was representative of the muscle activity over the entire time of the trial (Lauer et 

al., 2007).  
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Because of the drawbacks and limitations with the STFT, it was deemed that the 

CWT was the preferred method for analyzing the frequency in the sEMG recordings in 

this study, despite longer processing time.  

 

Model 

A neural circuitry model was adapted and proposed in this study to attempt to explain the 

inter-relationship between extremities and the transferability of MAC that Craske and 

Craske (1985; 1986) described. Previous published models describing neural mechanisms 

behind rhythmic arm movement in human locomotion inspired their innovative neural 

circuitry model. The main mechanism behind this model suggests that a central pattern 

generator (CPG) is the driving mechanism controlling this movement. By definition, “The 

CPG…[is] a neural circuit that can produce self-sustained patterns of behavior, 

independent of sensory input.” (Dietz, 2003; Grillner, 1986). This CPG is thought to be 

located in the spinal neural circuitry. It was previously thought that the control of 

rhythmic arm swing during human locomotion occurred because the arms were operating 

like a simple pendulum (Zehr and Duysens, 2004). It was later confirmed with EMG 

recordings that there is an increase in muscle activity in order for the rhythmic swing to 

occur and that this movement is coordinated with leg movement during walking (Zehr & 

Duysens, 2004). A possible model of the organization of neural mechanisms involved in 

regulating rhythmic arm movement was proposed by Zehr at al (Fig 1).  
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Figure 1. Possible Neural Mechanism Organization Model of Mechanisms Involved in 
Regulating Arm Swing Rhythm (Zehr, Carroll, Chua, Collins, Frigon, Haridas et al., 
2004).  
 
Most notably in this model, there are separate CPGs for each limb that are closely related 

due to overlapping supraspinal and sensory feedback. Additionally both CPGs have input 

to the interneuronal reflex network, which could allow for a contralateral cross of 

information (Zehr et al., 2004). The interneuronal reflex network is responsible for 

inhibition and facilitation of activation of the motor neurons (Kalat, 2009). This model, 

although pertaining to human locomotion, which is an obvious cyclic pattern, provides 

useful insight into possible neural circuitry models for the relationship between the upper 

and lower extremities. 

Dietz suggests that the coupling that occurs between arm and leg movements 

during human locomotion are flexible, but task-dependent and that this might be 

controlled supraspinally in the supplementary motor area (Dietz, 2003). The 

supplementary motor area (SMA) is also involved in bimanual movements, suggesting the 

complexity involved in the neural circuitry involved in motor coordination (Swinnen, 

2002). A previous study that investigated MAC in the deltoid identified areas of brain 

muscles. As mentioned, it has been suggested that CPGs
controlling homologous muscles during locomotion are
tightly coupled in the quadruped (Hultborn et al. 1998;
MacKay-Lyons 2002). It is possible that a tight coupling
also acts between the legs of humans which are habitually
used in reciprocal bilateral movements but that the coupling
is weak or absent between the arms which are frequently
used independently.

The general organization of the neural control of rhythmic
arm movement is conceptualized in the schema shown in
Fig. 8. In many ways it is an elaboration of a model pro-
posed some years ago to represent CPG mechanisms regulat-
ing human walking (Patla et al. 1985) and is inspired by the
models proposed by Burke and colleagues for the quadruped
(Burke 1999; Burke et al. 2001). The model shows separate
CPGs for each arm, with loose coupling which can be mod-
ulated by supraspinal input and peripheral feedback, be-
tween the arms. It may be that some of the coupling between
left and right arm CPGs is achieved through corticospinal
projections arising from the supplementary motor area, as

has been suggested for other bimanual movements (Sadato
et al. 1997; Stephan et al. 1999), especially those utilizing
continuous rhythmic timing (Ullen et al. 2003). Given the
important role of the mesencephalic locomotor region for
regulation of lower limb rhythmic movement (see, for re-
view, Whelan 1996), this may also be involved for rhythmic
arm movement. A coordinative role for the cerebellum may
also be anticipated (Crowdy et al. 2000; Pardoe et al. 2004).
In the model, CPG outputs may drive rhythmic arm move-
ment both directly, via action on the motoneuronal pools,
and indirectly, via interneuronal reflex networks. Supraspi-
nal inputs can act directly on the CPGs, interneuronal reflex
networks, and motoneurons. Feedback arising from rhythmic
arm movement is shown ascending at left. Evidence from
numerous experiments has been summarized here to support
the contention that CPG activity contributes to the produc-
tion of rhythmic arm movement. Presently we have no clear
way of measuring or estimating the extent of this contribu-
tion, and it is likely that there is a large role for supraspinal
control (including possible inputs from primary motor cor-
tex) during rhythmic arm movements, just as in the leg
movements of human walking (Schubert et al. 1997;
Capaday et al. 1999; Schubert et al. 1999). We suggest that
the spinal circuitry for rhythmic arm movement (e.g., CPGs)
acts as a “core” to help coordinate arm and leg muscle activ-
ity during gait. Superimposed upon this core are supraspinal
and peripheral inputs that can sculpt the basic pattern to the
particular needs of the individual during locomotion. It re-
mains for further research to evaluate the nature and extent
of the contribution from each of these control mechanisms
to natural movements.
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activity during voluntary and involuntary movements using fMRI. During the voluntary 

movement, the most notable activation occurred in the putamen, whereas during the 

involuntary movement the anterior cingulate cortex was active. Areas that were active in 

both voluntary and involuntary conditions include the contralateral precentral gyrus, the 

contralateral superior parietal lobe, the bilateral superior temporal gyrus, the caudate 

nucleus, the thalamus and the cerebellum (Duclos, Roll R., Kavounoudias & Roll, J.P, 

2007; Parkinson, McDonagh & Vidyasagar, 2009).  

This study proposes a model that utilizes some of the same neural mechanisms 

involved in the human locomotion model to explain the neural mechanisms involved in 

MAC, particularly supraspinal control, sensory feedback and the interneuronal reflex 

network. However, the proposed model does not include CPGs, but instead uses the idea 

of motor neuron pools to provide input to the interneuronal reflex network. Specifically, 

the motor neuron pool of a specific limb becomes activated via an isometric contraction 

involving that limb. That motor neuron pool then goes on to activate the interneuronal 

reflect network which in turn either inhibits or facilitates the activation of the contralateral 

motor neuron pool. It is hypothesized in this study that healthy young adults and healthy 

older adults are able to successfully inhibit the opposite motor neuron pool during an 

isometric contraction and post-contraction period unconsciously, but when conscious 

attention is focused on the opposite limb, the contralateral motor neuron pool is instead 

activated resulting in a transfer of MAC to the unmanipulated limb. On the contrary, in 

populations with increased hypertonicity, like in Parkinson’s disease, the motor neuron 

pools of the opposite, unmanipulated limb, remain activated even when a voluntary 

isometric contraction has not occurred.  Thus resulting in an inability to inhibit the 
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unintended transfer of MAC during non-attention trials. However, it is hypothesized here 

that this transfer of MAC would be suppressed when attention is paid to the untreated limb 

because of a conscious effort to inhibit the interneuronal reflect network. Further 

description of the proposed model is provided in the discussion section.  

 
Parkinson’s Disease 

A cardinal symptom in Parkinson’s Disease (PD) is muscle rigidity (i.e. 

hypertonicity), which can affect motor and postural control. In order to maintain a stable 

postural state, sustained muscle activity is needed to oppose counteracting forces, like 

gravity. Therefore, with increased muscle tone, controlling the level of muscle activity is 

difficult and maintaining stable posture becomes an issue. PD patients have a significantly 

increased risk of falls and this may be linked to their hypertonicity (Allen, Schwarzel, 

Canning, 2013; Rudzin ́ska, Bukowczan, Banaszkiewicz, Stozek, Zajdel, & Szczudlik, 

2008; Dennison, Noorigian, Robinson et al., 2007).  
 Another common symptom is bradykinesia, or slowness of movement, particularly 

in gait and when initiating voluntary movements (Glendinnin & Enoka, 1994). 

Bradykinesia is thought to occur because of a lack of excitatory activation to the cortex 

from cortico-striatio-cortical loops (Glendinning & Enoka, 1994).  

These impairments have been linked to similar brain regions, neurotransmitters 

and mechanisms that are also involved with MAC. Some of these brain areas include the 

basal ganglia (BG), the cerebellum (Cb), M1 and the SMA, as well as other areas that 

receive GABAergic inhibition, like the mesencephalic locomotor region (MLR) and the 

pedunculopontine tegmental nucleus (PPTN), which are two nuclei linked to posture and 
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gait impairment (Aravamuthan, Stein, Aziz, 2008; Takakusaki, Oohinata-sugimoto, 

Saitoh, & Habaguchi, 2004).   

The loss of dopaminergic neurons in the substantia nigra (SN) is a defining 

condition of PD. The SN, an important area for voluntary movements, supplies dopamine 

to the striatum of the BG through SN pars compacta neurons. Without this input, motor 

units (MU) and their ability to be recruited are affected. A motor unit consists of a single 

motor neuron and the muscle fibers it directly innervates. Motor units are recruited 

according to the size principal, meaning the smaller motor units are recruited first with 

bigger motor units being recruited as more activation is needed (Stotz & Bawa, 2001). 

Motor unit recruitment is often measured using sEMG. The sEMG signal is a summation 

of the motor unit action potential (MUAP) during a muscle contraction within a region of 

the electrode. Studies that examined motor units in PDs have concluded they have 

inconsistent rates of action potential discharge; more motor units are needed at low forces 

of isometric contraction and there is increased co-activation of agonist and antagonist 

muscles when compared to healthy subjects (Ramsay & Silverman, 2005). Therefore the 

effects of dopamine loss on motor unit activity guide modern PD treatments towards 

replenishing dopamine in affected brain structures. The proposed study will evaluate 

individuals with PD both on and off medication in order to examine any differences in 

motor unit recruitment in the presence and absence of dopamine therapy and compare 

these results to age matched healthy individuals.  

 

The purpose of this study was to use a novel technique to investigate MAC in the 

deltoid and ankle in three populations, healthy young, healthy older and people with 
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Parkinson’s disease, both on and off dopamine therapy medication. The goal was to test 

what role interneuronal reflex networks may play in eliciting MAC. Because the 

interneuronal reflex network is responsible for inhibiting or facilitating motor neuron 

activation (Kalat, 2009; Zehr et al., 2004) we hypothesize that healthy individuals, both 

young and older, would be capable of inhibiting the motor neuron pool responsible for 

muscle activity in the opposite, unmanipulated arm or leg when provoking a MAC in the 

arm and leg. For example, a healthy individual would show only baseline activity during 

the post-contraction relaxation phase of the trial in the left (unmanipulated) arm when the 

right (manipulated) arm was voluntarily contracted. Conversely, people with PD would 

have difficulty inhibiting the opposite extremity; therefore we hypothesize that people 

with PD would show muscle activity in both extremities during the post-contraction 

relaxation phase of the trial. For example, following a voluntary contraction in the left 

ankle, both the left and right ankles would show increased muscle activity. 

The second part of this study further investigates the role of the interneuronal 

reflex network by attempting to trigger the transfer of MAC to the opposite limb in those 

subjects that show a MAC response in part one. This was carried out by having the subject 

voluntarily pay attention to the relaxed unmanipulated limb during the post-contraction 

relaxation phase. We hypothesized that the healthy individuals, both young and older, 

would show a MAC response in both arms or both legs when paying attention to the 

unmanipulated, relaxed limb. Moreover, the PD group should show minimal activity in 

the relaxed limb when paying attention to it. 

Additionally, a novel neural circuitry model is proposed to explain the 

mechanisms behind the MAC, particularly the transferability between the right and left 
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arm and the right and left leg. Validity of this model will be manipulated relative to the 

above hypotheses.  

For all the proposed experiments, sEMG was used to record muscle activity in 

both the manipulated and unmanipulated extremities. Increased muscle activity was 

characterized by an increase in the amplitude of the signal and an increase in the 

frequency of motor unit recruitment as recorded by sEMG. This was done using CWT and 

IMNF analyses on the surface electromyography data collected during three phases of 

muscle activation; followed by a statistical analysis to determine if differences in muscle 

activity across groups are significant.  

 The sEMG recordings were analyzed using a custom MathWorks MATLAB 

(Natick, MA) program to perform the CWT and IMNF calculations as well as amplitude 

calculations. As in the studies described above, a Morlet was used as the Mother Wavelet. 

The CWT calculation yielded a scalogram of time versus frequency versus power on the 

x-, y- and z-axis respectively. The IMNF calculation, which is based off of the CWT 

calculations, provided information about the frequency of the motor unit recruitment over 

the course of the trial. IMNF calculations also allowed for the average frequencies of the 

signal to be calculated and compared during baseline muscle activity, the voluntary 

contraction and the involuntary contraction.  

For the first part of the experiment, in the sEMG recordings of the subjects that do 

show MAC, it was expected that the average amplitude and average frequency of the 

MUAPs during the post-contraction phase, would be statistically similar to the amplitude 

and frequencies of the MUAPs exhibited during the contraction phase (i.e the muscle 

activity in the post-contraction phase will be closely related to the muscle activity during 
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the contraction phase in the manipulated arm). It was also expected that there would be a 

statistically significant difference in the amplitude and frequency of the recordings when 

comparing the post-contraction relaxation phase recording with the baseline recording.  

Based on preliminary data so far, we hypothesize that healthy young subjects 

would have a higher amplitude and lower frequency of motor unit recruitment during the 

contraction phase compared to that of the healthy older adults and subjects with PD. It 

was suggested that the healthy older group and PD group would need to compensate for a 

loss of larger fast-twitch fibers and do so with a faster motor unit recruitment strategy 

(Jakobsson, Borg & Edstrom, 1990; Lexell, 1995; Wakeling, 2009). The subjects with PD 

group were also expected to show a slower rise to maximum frequency, which parallels 

the progression of PD symptoms (Rogers & Chan, 1988; Glendinning & Enoka, 1994; 

Muratori, McIsaac, Gordon & Santello, 2008).    
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CHAPTER 2  
METHODS 

 
Subjects and Experimental Set-up 
 
Healthy young (age < 30 years old, n= 8) and healthy older (age > 50 years, n= 10; age 

matched to the subjects with PD) adult subjects with no known history of neurological or 

neuromuscular disorders or impairments participated in this study following informed 

consent. Individuals with PD also participated in this study following informed consent. 

The subjects with PDs (age > 50 years; n= 5) were tested both on and off medication. The 

PD population consisted of Hoehn and Yahr stage 2 and 3, with equal numbers of PIGD-

dominant, bradykinesia-rigidity dominant and tremor-dominant. All procedures were 

approved by the Temple University Institution Review Board (protocol #12358). 

 
Experimental Procedure 
 
Four separate procedures were conducted to investigate different parts of the body. In the 

first part of the study, subjects were tested for the presence of MAC in the deltoid of their 

dominant and non-dominant arms for the healthy young and healthy older subjects, or the 

disease-affected (disease onset) and unaffected side in subjects with PD. This procedure 

was done by having the subject stand in an upright position next to a fixed wall. The 

investigator stood nearby to offer support if needed. Each subject participated in a 

minimum of two trials. Each trial lasted 120 seconds and was divided into four continuous 

phases, thirty seconds each. During the first phase, the subject stood still, with instructions 

from the investigator to remain as relaxed as possible. This allowed for a baseline sEMG 

recording of the activity of the deltoid. During the second phase, the subject used the back 

of their hand to push against the wall with their arm hanging by their side in a neutral 
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position. They were instructed to use their shoulder muscles to abduct and press the arm 

against the wall as hard as they could at a consistent level that he or she would be able to 

maintain for 30 seconds. Therefore, the maximum contraction was self-selected. This 

procedure served to voluntarily activate the deltoid muscle. During the third phase, 

subjects took a small step away from the wall and voluntarily relaxed the arm by the side 

again. This relaxation phase is termed the post-contraction relaxation phase. The subjects 

were instructed to not oppose or facilitate any involuntary movements that may occur 

during the phase. Lastly, during the fourth phase, subjects were required to alternately 

raise and lower the arm to eliminate any MAC effects from carrying over into the next 

trial. Data from the fourth phase were not included in the current quantitative analyses. 

During the second part of the study, the subjects followed the same protocol as the 

first part with one exception. An attention task was added which was meant to examine  

transferability of MAC to the contralateral limb. In this part of the study, the investigator 

asked the subject to pay attention to their non-dominant arm during the post-contraction 

relaxation phase (phase three). This attention task was achieved by asking the subject to 

be prepared for a light tactile stimulus in arm contralateral to the arm that was pressed 

against the wall (i.e. the manipulated arm). In order to bring their attention to the relaxed 

arm, we used a monofilament that was tested pre-trial to be suprathreshold. The subject 

was told prior to the start of each trial to focus on the opposite arm and to verbally tell the 

investigator when and where he of she felt a faint touch from the monofilament. The 

investigator waited about 20-25 seconds into the post-contraction phase before touching 

the subject’s arm with the monofilament.  
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In the third part of the study, each subject participated in similar tests performed 

on the ankle dorsiflexor muscle (tibialis anterior - TA). A minimum of three trials for both 

their dominant and non-dominant foot were performed for a total of six trials. Each trial 

lasted 120 seconds and was broken into four continuous phases, thirty seconds each, 

similar to the test described above for the deltoid. The subject lay supine on a level plinth 

during the entire trial. Subjects had a rolled up towel or pillow underneath his or head for 

comfort and the lower legs were raised higher than torso by slightly flexing the hips and 

placing padding under the both shanks. This positioning of the lower legs allowed the 

ankles to be in a neutral, hanging position. During the first phase, the subject lay as still 

and relaxed as possible, during which a baseline recording of pre-MAC was taken. During 

the second phase, the investigator imposed a steady force on the subject’s foot dorsum 

with a Theraband. This required the subject to voluntarily dorsiflex and isometrically 

contract the tibialis anterior (TA). The investigator pulled at a level that the subject was 

able to withstand for 30 seconds. During the third phase, the subject relaxed like he or she 

did during the first phase. The subjects were instructed not to interfere with (i.e. do not 

oppose or facilitate) any involuntary movements that may occur during this phase. The 

fourth and final phase required the subject to alternately dorsi- and plantarflex the ankle 

repeatedly. This was to eliminate any MAC effects from carrying over into the next trial, 

since a muscle lengthening can help to deactivate an after effect (Parkinson, McDonagh, 

Vidyasagar, 2009). Subjects were allowed to rest between trials.  

During the fourth part of the study, the subjects followed the same protocol as the 

second part with one exception that will focus on the transferability of MAC to the 

opposite ankle. This was done by asking the subject to focus attention on the opposite leg 
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in anticipation of near-threshold tactile stimulus somewhere on lower leg or foot. The 

investigator would touch the subject’s opposite leg with a monofilament and the was to 

verbally report when and where he of she felt the light touch. The investigator waited 

about 20-25 seconds into the post-contraction phase before touching the subject’s leg with 

the monofilament.  

  

sEMG and Electrode Placement  

Surface electromyography was used to record muscle activity in the deltoid on both the 

active and inactive arm, and in a separate set of trials the lateral gastrocnemius (LG) and 

TA on both the active and inactive leg during the entire 120-second trial. Due to 

availability and portability of the EMG equipment, the data acquisition program, 

Biometrics Ltd. (Ladysmith, VA) or Delsys Trigno Wireless system (Boston, MA) was 

used. There was a record of signals from two or four different channels, depending on 

whether it was a deltoid trial or an ankle trial, respectively. For Biometrics, data was 

collected at a frequency rate of 1000 Hertz for a total or 120 seconds in all channels. For 

Delsys, data was collected at a frequency rate of 2000 Hertz. There were not any 

additional filters included during the recording of the raw data. For the deltoid contraction 

trials, the first channel corresponded to the right arm and the second channel corresponded 

to the left arm. For the ankle dorsiflexion trials, the first channel corresponded to the right 

TA, the second channel to the left TA, the third channel to the right LG and the fourth 

channel to the left LG. Skin Preparation and electrode placemen followed SENIAM 

(www.seniam.org) standards.  
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Analysis Procedure 

All raw sEMG recordings were first downsampled to 500 Hertz, so that data collected 

with Biometrics or Trigno could be analyzed with similar sampling rates. A low pass filter 

was also applied to the raw data using built-in MathWorks MATLAB (Natick, MA) 

functions. This was done using a built-in Butterworth filter with a sampling frequency of 

500 Hertz and cut-off frequency of 200 Hertz with an order of 2 that determined the 

coefficients to be used in the built-in filter function applied to the downsampled data.   

The primary analysis investigated the differences in sEMG signal recordings of 

MAC (the third phase) and baseline (the first phase) in both the manipulated and 

unmanipulated limbs in order to have a better understanding of tonic muscle effects 

following an isometric contraction. A novel technique used to analyze sEMG signal was 

adapted for use in this study, which follows the analysis technique that was applied in a 

cerebral palsy study (Lauer et al., 2007). This technique used a continuous wavelet 

transform, (CWT) which allowed for multiple characteristics to be extracted from the 

signal while preserving the original time information. In our CWT analysis, we used a 

Morlet as the Mother Wavelet (see Eq 1). Following the CWT, an instantaneous mean 

frequency (IMNF) calculation was performed (see Eq 2). The CWT and IMNF 

calculations provided information on the magnitude of the mean frequencies during the 

recording only. In order to analyze the amplitude differences of the sEMG recording 

during the MAC phase and baseline phase, a root-mean squared (RMS) calculation was 

also conducted. The final step in this numerical analysis was to do a statistical analysis.  

For the amplitude analysis of sEMG, one single average value was determined for 

each phase, for each subject.  This average was calculated by finding the mean amplitude 
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of three consecutive 5 second segments of time within the 30 second phase. The average 

of these three averages was then calculated to derive a single value for that phase. For 

example, at baseline, an average amplitude value was determined for each of the 

following three segments: 5-10 seconds, 10-15 seconds and 15-20 seconds. These three 

values were then averaged to determine a singular amplitude value.   

The same was done for the contraction phase. The post-contraction phase 

calculation was similar except for one difference. The typical MAC involves up to 2 

seconds of quiescent muscle activity, followed by a significant increase in muscle activity 

(Fig 2). 

  

Figure 2. Rectified data of the sEMG recording for subject GW that displayed a typical 
MAC in the left medial deltoid. Following the voluntary isometric contraction, the subject 
had a couple seconds of quiet muscle activity followed by a MAC that was of similar 
amplitude to the voluntary isometric contraction.  

 

The peak MAC may often occur shortly after this period of quiescence. Therefore, 

an average amplitude value was determined for the following three segments: 2-7 seconds, 
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7-12 seconds, 12-17 seconds. These three values were then averaged to determine a 

singular post-contraction amplitude value.  

Since we were interested in the muscle activity in the manipulated (ipsilateral) and 

unmanipulated, (contralateral) relaxed arm, these averages were calculated for both arms. 

Therefore, for each subject per side, per limb, there were seven recorded amplitude 

values: manipulated side baseline mean, manipulated side contraction mean, manipulated 

side maximum contraction, manipulated side post-contraction mean, unmanipulated side 

baseline mean, unmanipulated side contraction mean, and unmanipulated side post-

contraction mean.  

 The maximum amplitude reached during the contraction phase was also 

determined. The amplitude values of the baseline phase, contraction phase and post-

contraction phase were then normalized to the maximum amplitude as a percentage. 

Therefore, for each subject, the maximum amplitude value reached during the trial was 

considered 100%, with the baseline, contraction and post-contraction phases calculated in 

relation to the maximum amplitude.  

For the frequency analysis, one single average value was determined for each 

phase, for each subject, similarly to the amplitude analysis.  This average was also 

calculated by finding the mean frequency of three consecutive 5 second segments within 

the 30 second phase. The average of these three averages was then calculated to derive a 

single value for that phase. For example, at baseline phase, an average frequency value 

was determined for each of the following three segments: 5-10 seconds, 10-15 seconds 

and 15-20 seconds. The same was done for the contraction phase. Similarly to the 

amplitude analysis, the average frequency value during the post-contraction phase was 
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determined following the 2 seconds of quiescent muscle activity. Therefore, average 

frequencies during the following three segments in post-contraction phase: 2-7 seconds, 7-

12 seconds, 12-17 seconds, were averaged to determine a single post-contraction 

frequency. These averages were calculated for both the manipulated and unmanipulated 

limbs of the activated muscle. Therefore, for each subject per side, per limb, there were 

seven recorded frequency values: manipulated side baseline mean, manipulated side 

contraction mean, manipulated side maximum contraction, manipulated side post-

contraction mean, unmanipulated side baseline mean, unmanipulated side contraction 

mean, and unmanipulated side post-contraction mean.  

All analysis calculations, prior to performing statistical analysis were conducted 

using custom MathWorks MATLAB (Natick, MA) functions. The CWT and Morlet, the 

Mother Wavelet are both built-in functions in MATLAB. The output of the CWT 

calculation was a scalogram, which is a plot representing the time and scale at different 

coefficients. The x-axis represented time, the y-axis represented the frequency and the 

different colors represented power. An IMNF plot gave the ability to examine frequency 

differences between baseline and MAC both individually and across different groups.  

CWT and IMNF calculations were conducted for every channel that collected data.  

In order to investigate transferability of MAC, sEMG recordings were collected 

from the contracted (manipulated) and relaxed (unmanipulated) limb. The same CWT and 

IMNF analysis were also utilized for the sEMG recording of the unmanipulated limb in 

order to determine whether this transfer of MAC has occurred. This analysis was 

compared to the manipulated limb to determine if a MAC response occurred in either the 

manipulated limb or unmanipulated limb.  



 

 23 

A mixed model repeated-measures ANOVA was performed using Statsitica 

(StatSoft, Inc., Tulsa, OK). The 3 between-group levels were healthy young, healthy older 

adults, and the PD group. Two within-group levels for task were Attention and Non-

attention task. Three repeated within-group conditions were baseline, contraction, and 

post-contraction. Additional planned comparisons were performed when statistically 

significant main or interaction effects were found. Separate ANOVAs were performed on 

each muscle, the medial deltoid or the Tibialis anterior, which were manipulated in 

separate trials. Additional variables that were added to this general linear model include 

manipulated (contracted) and unmanipulated (relaxed) limb for both the dominant side 

and weak side. The strong side is defined as the dominant side for the healthy young 

subjects and healthy older subjects and the opposite side of disease onset for the subjects 

with PD. The weak side is defined as the non-dominant side for both the healthy young 

subjects and healthy older subjects and the side of disease onset for the subjects with PD. 

The side of disease onset was also the more affected (i.e. more sensorimotor impairment) 

side in our small sample of PD subjects. For the healthy young and healthy older subjects 

it was possible that the dominant side was not consistent between the arm and the leg. 

 

EMG Verification 
 

In an effort to verify the validity of our procedure and the use of two different 

EMG systems: Biometrics Ltd (Ladysmith, VA) and Delsys Trigno Wireless System 

(Boston, MA), we carried out the experimental procedure on two subjects using both 

systems for both the ankle dorsiflexion and medial deltoid trials. The exact location of the 

electrode placement was marked so that the electrode placement for each trial was the 
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same.  The experimental procedure was performed on each subject’s dominant side with 

each system. The raw data was collected at 1000 Hertz and 2000 Hertz for Biometrics and 

Delsys respectively. Following the same analysis procedure as stated above that 

downsampled all data to 500 Hertz as well as applied a low-pass filter at 200 Hertz, it was 

determined that the amplitudes and frequencies between the two different systems were 

not significantly different. Therefore, it was concluded that data collected from either 

system could be pooled together for comparison.  

The consistency of the procedure was also examined. To do this, two different 

force gauges were used to measure the magnitude of the force exerted by both 

investigators with the Theraband on the subject during the ankle trials. It was shown that 

both investigators consistently pulled the Theraband with approximately 64 Newton’s of 

force between trials with a small margin of error.  
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CHAPTER 3 
RESULTS 

 
1. Pilot Data Results 

 The IMNF calculations (Fig 3 – left column) were calculated using the raw data from 
the sEMG recording (Fig 3 - right column) for the preliminary data. The raw signal is that 
of the TA during ankle dorsiflexion during the first 90 seconds, i.e. first three phases of a 
trial. 

Figure 3. Preliminary data of Instantaneous Mean Frequency (IMNF) plots and Raw 
EMG Data plots of representative subjects across the different populations during the first 
three phases: Baseline, voluntary contraction and relaxation phase. A. Healthy young 
subject shows MAC in the EMG amplitude and an increase in the IMNF during phase 3. 
B. The healthy older adult shows no MAC in the amplitude or in the IMNF during phase 
3. C. PD on-meds showed no MAC and minimal increase in the amplitude. The IMNF 
shows increased activity during baseline compared to the healthy older adult subject and 
healthy young subject and returns to this baseline during phase 3. D. PD off-meds shows 
similar activity to the PD on-meds, in which there is minimal increase and no MAC 
observed in the amplitude and increased activity in phase 1 of the IMNF. 

Visual observations of the amplitude of the raw EMG data show a clear MAC in 

approximately half of the healthy young subjects during the third phase, i.e. post-
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contraction relaxation phase. This can be seen when comparing the increase in amplitude 

during the third phase relative to the first phase (i.e. baseline relaxation). The healthy 

older subject from the preliminary results (Fig 3) is representative of most of the older 

adults from whom we collected data throughout the study. The subjects with PD on 

medication and the same subjects with PD off medication do not show a MAC. However, 

there was less of a rise to mean contraction amplitude in the subjects with PD compared to 

the other two groups.  

There are also clear differences in the frequencies in the IMNFs across the different 

populations. In the healthy subject where there is an observed MAC, the frequency of 

motor unit recruitment during the third phase is much greater than the frequency during 

baseline. In fact, the frequency during voluntary contraction is almost maintained during 

involuntary contraction.  

Preliminary data was collected from four healthy young subjects, four healthy older 

subjects and four young adult subjects with PDs (Fig 4). Average muscle activity recorded 

during baseline was subtracted from the relaxation phase (Fig 4A). Healthy young 

subjects show significantly greater activity during this type of analysis compared with the 

other groups. Mean activity for MAC minus baseline in the healthy young group, healthy 

older group, PD-on medication, and PD-off medication group were about 6, 0, 1 and 0 

respectively. IMNFs were also calculated for each group during the first three phases (Fig 

3B). Baseline activity was about 20 Hertz in all groups. Healthy young subjects who show 

MAC had a peak of 40 Hertz during isometric contraction, which decreased to about 35 

Hertz. These subjects had an average frequency of about 30 Hertz during the relaxation 

phase. Healthy young subjects that did not show MAC had a peak frequency over 40 
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Hertz during the voluntary contraction phase, but decreased their mean frequency to about 

20 Hertz during the relaxation phase. Healthy older subjects had a peak frequency of 

about 50 Hertz during the voluntary contraction phase. There was also a clear oscillation 

during this phase, in which the IMNF frequencies steadily decreased to as low as 40 

Hertz. The average frequency during the relaxation phase dropped to 20 Hertz. The 

subjects with PDs showed a slower rise to peak frequency, which occurred slightly over 

40 Hertz. Similar to the healthy older group and the healthy young who did not show 

MAC, subjects with PDs dropped to 20 Hertz during the relaxation phase. More subjects 

and a further analysis will determine whether these differences across the populations are 

statistically significant.   

Preliminary raw data (Fig 4C) provides evidence supporting the above hypothesis. 

The raw data of the healthy young and healthy older show minimal, if any, activity in the 

resting leg. The subjects with PDs show a clear increase in muscle activity in the TA and 

LG of the resting, unmanipulated leg. From this preliminary data, it was observed that 

healthy older adults and subjects with PD did not show a MAC with an amplitude 

analysis, but prompted further questions regarding frequency differences within group and 

between group. Therefore, subsequent data also examined frequency using the analysis 

described above.  
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Figure 4. Pilot Data Results. A. Average TA muscle activity during post-contractory 
period show MAC minus baseline EMG activity. Healthy young subjects show 
significantly greater muscle activity than healthy older and subjects with PDs, both on 
and off medication. B. IMNF of the TA during the ankle dorsiflexion of the first 3 phases: 
baseline, isometric contraction and relaxation. Healthy young subjects that show MAC 
show less amplitude and less frequency of motor unit during the isometric contraction 
phase compared to the other two groups. Subjects with PDs also show a slower rise to 
peak frequency during isometric contraction. C. Raw EMG from TA and LG from one 
healthy young subject with MAC, one healthy older subject with no MAC, and 4 PDs. The 
healthy young and healthy older subject show no muscle activity in the resting leg 
whereas, the PDs subject show increased muscle activity in the resting leg (Wright et al 
2012).  
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2. Subjects and sEMG recordings Analysis  

A total of 23 subjects (8 healthy young adults, 10 healthy older adults and 5 

subjects with PD) participated in both the non-attention and attention conditions for 

both the medial deltoid and ankle dorsiflexion trials. Mean ages were 25.2 years, 59.5 

years and 57.9 years for the healthy young adult group, healthy older adult group and 

subjects with PD group respectively.  

The subsequent statistical analyses investigate differences between the three 

groups in the manipulated and unmanipulated limbs for both non-attention conditions 

and attention conditions.  All data was downsampled to 500 Hertz and low-pass 

filtered with 200 Hz cut-off frequency. Mean amplitude refers to the percentage of the 

maximum amplitude following the normalization as described in the analysis 

procedure above. All frequency data is measured in Hertz. Statistical significance was 

set at α<0.05 and 95% confidence intervals are displayed in all figures.  

 

3. Non-Attention Task 
3.1. Amplitude Analysis 

3.1.1. Medial Deltoid 
Between-group differences in medial deltoid activity were found for the  

manipulated versus unmanipulated (relaxed) arm (F2,19 = 4.16, p = 0.032), and across the 

three phases of the muscle contraction task, i.e. Baseline, Contraction, Post-contraction 

(F4,38 = 2.63, p = 0.049) (Fig 5a). A comparison of the manipulated arm between groups 

pre- versus post-contraction revealed that MAC in young adults was significantly greater 

(p=0.034) than the older adults and PD subjects (Fig 5b). This comparison showed a clear 

amplitude increase above baseline in the post-contraction phase in the healthy young adult 
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group, which represents the classic MAC that has been reported before (Kohnstamm 

1915; Sapirstein 1914, 1916). However, the novel finding here, is that neither healthy 

older adults nor subjects with PD showed an increase in the amplitude of muscle 

activation in the post-contraction phase, providing evidence that a MAC did not occur. 

a.  

 

b. 

  

Figure 5. Medial deltoid sEMG mean amplitude results. a. The manipulated (left) and 
relaxed (right) arms show a significant difference between arms and a significant between 
group difference. Healthy young adults showed a MAC in the manipulated arm, while 
subjects in healthy older adult and PD groups return to baseline activity following the 
isometric contraction. b. Amplitude differences between groups in the baseline (PRE = 
Phase 1) and the post-contraction (POST = Phase 3) phases between groups in the 
manipulated arm reveal that post-contraction mean amplitude significantly increased only 
in young adult group, which reflects MAC. 

 

Further analysis of the medial deltoid data for both the manipulated and relaxed 

limbed was conducted to examine the effect of PD disease side on muscle activation 

during the three phases of the task (Pre, Contract, Post-contraction). We analyzed strong 

versus weak side effects, where arm dominance in the healthy cohort and unaffected 

disease side in the PD group were considered the strong side. (Fig 6a).  In the manipulated 

arm, the healthy young adults group was the only group where the mean amplitude during 

the post-contraction phase was significantly greater than the mean amplitude during the 
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baseline phase. This occurred whether the dominant or the non-dominant arm was 

manipulated. Although it may be noteworthy that the subjects with PD had higher baseline 

mean amplitude when the unaffected (strong) side was manipulated (Fig 6a – left), 

perhaps more noteworthy is that the affected side showed an increase in EMG amplitude 

during the contraction of contralateral limb (see Phase 2 in Fig 6a – right). This did not 

occur when the opposite side was manipulated (see Phase 2 in Fig 6b – right). This 

transfer to the contralateral limb which was supposed to be in a voluntary state of 

relaxation is evidence of central activation either at the spinal or supraspinal level. 

a.  

  

b. 

  

Figure 6. Medial deltoid sEMG amplitude weak versus strong side comparison. a. Weak 
side manipulated medial deltoid mean amplitudes during non-attention condition across 
the three groups in both the manipulated (left) and unmanipulated (right) arms. Healthy 
young adults showed a MAC in the manipulated (weak side) arm. Healthy older adults 
return to baseline activity following the isometric contraction. Subjects with PD show a 
higher starting amplitude compared to the healthy young adult and healthy older adult 
groups in the manipulated (disease onset side) limb and in the unmanipulated (unaffected) 
side across the three phases. b. Strong side manipulated medial deltoid mean amplitudes 
across the three groups in both the manipulated dominant side (left) and unmanipulated 
weak side (right). Subjects with PD showed a more similar baseline amplitude compared 
to the other two groups, but contraction mean amplitude that was less than the other two 
groups. The healthy young adult group showed MAC in the manipulated limb. The 
unmanipulated limb showed baseline activity between all three groups. 

 

 



 

 32 

3.1.2. Tibialis Anterior 

A main effect of group was found for the TA muscle activity (F2,19 = 15.6, p < 0.0001), 

which was due to a higher level of baseline muscle activity in the PD group, but was not 

due to the current experimental tests. This can be determined by the non-significant 

difference between groups when comparing manipulated versus unmanipulated side 

across three test phases (F4,38 = 0.9, p = 0.47, n.s.). In other words, the pattern of muscle 

activation was the same for each group, when we look separately at the manipulated ankle 

(Fig 7, left) or the unmanipulated ankle (Fig 7, right). The healthy young, healthy older, 

and PD groups all showed very similar results during this condition, neither of which 

showed a possible MAC evidently because the post-contraction mean amplitude in both 

groups was very similar to the baseline mean amplitudes in both the manipulated and 

unmanipulated limbs. The subjects with PD group also returned to their baseline 

amplitude value during the post-contraction phase in both the manipulated and 

unmanipulated limb. As the main group effect suggests, it is worth noting that the baseline 

mean amplitude was significantly higher in the PD group than in the other two groups, 

which mirrors the increased background activity observed in the PD group’s medial 

deltoid tests.   
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Figure 7. Amplitude differences between groups in the manipulated and 
unmanipulated TA was significant but there was no evidence of MAC in any group. 
There was also no difference between groups due to the task, however the PD group 
showed a significant higher baseline activity in all conditions.  
 

 
3.2. Frequency Analysis 

3.2.1. Medial Deltoid 

The next analysis examined possible frequency differences in the manipulated arm 

between the three groups (Fig 8a). Additionally, the frequency differences (Fig 8b) 

between the baseline and the post-contraction phases were also examined more closely 

with a planned comparison.  
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a. 

 

b. 

 

Figure 8. Medial deltoid frequency analysis results a. Mean frequencies (IMNF) of all 
three groups in the manipulated arm show that frequency of motor unit activation changes 
during the contract phase relative to the other two relaxed phase (i.e. baseline and post-
contraction) (p = 0.015). b. A planned comparison between baseline (PRE) and the post-
contraction (POST) phases between groups reveal the healthy young adult group had a 
clear increase in post-contraction mean frequency compared to the baseline mean 
amplitude, thus reflecting a MAC (p = 0.0007), whereas healthy older and PD adults 
showed no change post-contraction. 
 

The mean frequencies within the three phases, between groups were significantly different 

(p = 0.015). While the mean frequency during contraction was relatively similar between 

the three groups, between about 32 and 35 Hertz, there were clear differences in the 

baseline and post-contraction phases. Differences in the mean frequencies between the 

baseline (pre-contraction) and post-contraction phases between the three groups in the 

manipulated arm were significantly different (p = 0.00072). As in the amplitude analysis, 

the healthy young adult group was the only group to show any after-effect; the frequency 

in the post-contraction phase is significantly greater than the frequency in the baseline 

phase.   

 

 



 

 35 

3.2.2 Tibialis Anterior 

Mean frequencies (Fig 9) across three phases in the manipulated and unmanipulated 

ankle when both the data from the non-attention and attention conditions were pooled 

together (again, because they were not statistically different). While there were 

statistically significant differences between the three groups when investigating mean 

amplitude, the frequency differences between the three groups in the manipulated and 

unmanipulated limb within the three phases during the attention condition were not 

significantly different (p = 0.09).  However, similar to the mean amplitudes in the above 

condition, there was no evidence of a MAC in any of the three groups in either the 

manipulated or unmanipulated ankle during the attention condition. An increase in mean 

frequency during the contract phase was also observed in all groups, however, there was 

also an interaction between groups across phase (p=0.02). This was a result of the PD 

group having a smaller change in mean frequency during the contraction period in the 

manipulated limb. Perhaps a more interesting result, which occurred in all three groups is 

the evidence that the relaxed ankle was affected by the contraction of the contralateral (i.e. 

manipulated) limb. This can be seen in the relaxed ankle which shows an increase in mean 

frequency during the contract phase, which occurs in all three groups (see Fig 9 – right). 
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Figure 9. Mean frequency differences between the three groups in the manipulated 
(left) and unmanipulated (right) ankle within the three phases. All groups showed a 
return to baseline frequency post-contraction. An increase in mean frequency during 
the contract phase was also observed in all groups. A statistical interaction between 
groups was observed across phase (p=0.02); the PD group showed less change in 
mean frequency during the contraction period in the manipulated limb. In the relaxed 
ankle (right), an increase in mean frequency was observed during the contract phase.  
 

 

 
4. Attention Task 

4.1 Amplitude Analysis 
4.1.1 Medial Deltoid 

The results of the attention task conducted on the arms were not significantly different 

according to the amplitude analysis (F4,38 = 0.642, p = 0.636, n.s.). Comparing muscle 

activation when the dominant arm was manipulated, while the non-dominant arm 

remained relaxed (unmanipulated) during the attention task across the three groups (Fig 

10b), the amplitude of medial deltoid muscle activity was very similar to the results of the 
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amplitudes in the non-attention task between groups. The next statistical analysis 

conducted examined the weak side manipulated, strong side unmanipulated medial deltoid 

during the attention condition across the three groups (Fig 10a).  

a. 

 

b. 

 

      
Figure 10. Medial deltoid attention condition amplitude results a. Weak side 
manipulated medial deltoid mean amplitudes during attention condition for the three 
groups in both the manipulated (left) and unmanipulated (right) arms. The healthy 
young adults showed MAC in the manipulated limb. Neither the healthy older adults 
nor the PD group showed any change from baseline following the contraction phase. 
Overall, the PD group showed higher mean amplitudes across all phases in both the 
manipulated and unmanipulated (right) arms. In the unmanipulated relaxed limb, all 
three populations showed no change across three phases. b. Strong side manipulated 
medial deltoid mean amplitudes during the attention task were not significantly 
different from the weak side. This pattern of activity was also not different than during 
the non-attention tasks.  

 
 

 

The amplitudes during the three phases in the three groups of the manipulated limb were 

very similar to the amplitude results for the manipulated limb during the non-attention 

trial of the analogous condition. Most notably, the baseline mean amplitude of the subjects 

with PD is greater than the baseline mean amplitude of the two healthy adult groups. In 

the unmanipulated limb, the healthy older adult group and the healthy young adults group 
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showed similar baseline activity as they did in the non-attention condition. However, 

unlike in the non-attention condition, the PD group showed baseline activity with much 

lower amplitude when attention was paid to the unmanipulated, unaffected side.  

 
4.1.2 Tibialis Anterior (Attention and non-attention data combined) 

 
 Mean amplitude between groups in the manipulated and unmanipulated ankle 

showed a similar pattern of activation in the non-attention task as was observed in the 

non-attention task (F4,38 = 1.81, p > 0.14, n.s.).  

 

5. Attention Task versus Non-Attention Task 
Frequency 

Medial Deltoid 

By combining the group data, the attention task was found to have a significant 

effect on muscle activity. Analysis of the sEMG frequency of the deltoid in 

unmanipulated, but attended to limb, revealed that frequencies between the attention and 

non-attention task were significantly different (p = 0.0056). A muscle aftereffect in the 

mean frequency was observed regardless of attention task. This is evident in the post-

contraction phase of the manipulated arm, which is greater than baseline (Fig 11a – left). 

In the unmanipulated relaxed limb, an increase in the post-contraction mean frequency 

relative to baseline was observed. A planned comparison of baseline versus post-

contraction phase in the relaxed arm further verified that the mean frequency in the 

unmanipulated but “attended to” limb had significantly increased above baseline (p = 

0.0001) (Fig 11b). Based on the increase in mean frequency between the baseline phase 

and the post-contraction phase in the attention condition, it can be presumed that MAC of 

the manipulated limb had some effect on the contralateral unmanipulated limb during the 
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attention task. This suggests that cortical activity can induce transfer of tonic activity from 

one side of the body to the contralateral side.  

 

a. 

 

b. 

 

      
Figure 11.  Attention versus non-attention data across all groups a. Mean frequency 
differences between the two attentional tasks across the three phases in the 
manipulated (left) and unmanipulated relaxed (right) medial deltoid. All data from the 
three groups were combined. Overall, in both the non-attention and attention 
conditions in the manipulated limb an increase in post-contraction mean frequency 
was found when compared to the baseline mean frequency. In the unmanipulated 
relaxed limb (right), a significant effect due to attention task was found (p = 0.0056). 
In the non-attention condition the post-contraction mean frequency returned to 
baseline level while in the attention condition, the mean frequency remained elevated, 
demonstrating an effect on the contralateral unmanipulated, but attended to limb (i.e. 
transfer). b. A comparison of only the unmanipulated, relaxed medial deltoid show the 
effect of the attention task.  Baseline (pre) and post-contraction (post) phases in the 
non-attention and attention conditions show that the mean frequency remained 
constant during the non-attention condition, while the post-contraction mean 
frequency was significantly greater than in baseline (p<0.0001) during the attention 
task. 

 
6. PD on versus off medication 
 

Due the small sample size (n=5) and the fact that not all PD subjects were tested 

both on and off medication many of these results were under-powered. The results of 

these main effect comparisons were as follows: 
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Deltoid frequency, n=3, ON vs OFF (F1,2 = 0.54, p = 0.54, n.s.) 

Deltoid frequency, n=2, Attention task, ON vs OFF (F1,1 = 0.22, p = 0.72, n.s.) 

Deltoid amplitude, n=3, ON vs OFF (F1,2 = 0.78, p = 0.47, n.s.) 

Deltoid amplitude, Attention task, n=2, ON vs OFF (F1,1 = 0.38, p = 0.65, n.s.) 

TA frequency, n=4, ON vs OFF (F1,3 = 2.88, p = 0.19, n.s.) 

TA frequency, n=4, with Attention task, ON vs OFF (F1,3 = 0.20, p = 0.68, n.s.) 

TA amplitude, n=4, ON vs OFF (F1,3 = 1.84, p = 0.26, n.s.) 

TA amplitude, n=4, with Attention task, ON vs OFF (F1,3 = 4.55, p = 0.12, n.s.) 
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CHAPTER 4 
DISCUSSION 

 
 
 
1. Overview 

 Three different populations were studied because of their potential differences in 

neuromuscular tone and underlying state of dopamine dependent processes. By testing a 

healthy young population with no history of neurological disorders and a healthy older 

adult population, we could examine the effects of aging on tonic neuromuscular 

processing. One of the main findings here was that older adults do not show MAC with 

the consistency the young adults do. By testing individuals with PD and comparing them 

to age-matched healthy adults, we could also investigate what effect of dopamine loss and 

CNS degeneration has on tonic neuromuscular processes.  

Amplitude analyses of the sEMG, revealed MAC was most evident in the healthy 

young adult population in the medial deltoid. This analysis also revealed a much greater 

likelihood of MAC in the proximal muscles (deltoid) than in the distal muscle (TA). 

Although MAC was not observed in the amplitude of the PD group, they had a higher 

baseline amplitude compared to the other two groups. This is consistent with a disease 

with a cardinal symptom of hypertonicity. Interestingly, subjects with PD also had muscle 

activity in the unmanipulated limb during the non-attention trials when the manipulated 

limb was the disease onset side, but were able to suppress this activity during attention 

trials. Additionally, across all subjects, MAC was evident in the relaxed limb during 

attention trials in the medial deltoid when examining mean frequency. This effect was not 

observed with the amplitude analysis. 
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2. Differences between Groups 
 

As our preliminary results suggest, there were clear between groups differences in 

mean frequency and mean amplitude during the post-contraction phase.  MAC was 

observed most frequently in the healthy young adult population. In the healthy older adult 

population, post-contraction muscle activity was very comparable to baseline muscle 

activity. We hypothesized that MAC is linked to the loss of dopamine, which naturally 

occurs with healthy aging or can occur due to pathology. The occurrence of MAC in a 

majority of healthy young individuals is suggestive of the CNS’s ability to effectively 

adapt the tonic state of muscle activity, which reduces some of the work done by 

conscious cortical processes during motor activity. 

A healthy older population with no history of neurological or neuromuscular disorders 

or impairments was also chosen. This is because this population has been observed to 

have slowed locomotion and increased falls risk. This could potentially be due to the role 

of dopamine in tonic muscular control, which decreases naturally with healthy aging 

(Volkow, Wang, Fowler, et al. 1998). Subjects in this group were age-matched to the 

subjects in the PD population. This allowed for a direct comparison of muscle activation 

differences between the two groups in effort to explain the role of dopamine in tonic 

muscular control.  

 PD is associated with a loss of dopaminergic neurons in the substantia nigra (SN). 

The SN is responsible for sending dopamine releasing projections to other structures, such 

as the caudate nucleus and the putamen, so there is a potential for many dopamine 

dependent structures to be affected following a loss of dopaminergic neurons. This loss of 

dopamine increases the inhibition in the thalamus, which results in a decreased excitation 
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of the motor cortex (Kalat, 2009). This includes the structures and pathways responsible 

for posture and muscle tone. Dopamine therapies are a common treatment of PD and have 

been shown to decrease certain symptoms, like tremor. However, the improvement in 

postural control and tonic neuromuscular control that dopamine treatments provide remain 

unclear (Bryant, Rintala, Hou, Charness, Fernandez, Collins, Baker, Lai, & Protas, 2011; 

Horak, Frank & Nutt, 1996). At least some evidence suggests that axial tone is not 

significantly improved with levodopa therapy (Wright, Gurfinkel, Nutt, Horak, & Cordo, 

2007). Therefore, to further investigate the role that levodopa possibly plays in tonic 

processing, this study looked at the PD population both with the inclusion and exclusion 

of these dopamine treatments. Our results here are preliminary in that our sample size is 

small. Initial analyses showed no difference when the PD subjects were on versus off 

antiparkinson medication. 

 Interestingly, however, the subjects with PD consistently exhibited a state of 

increased excitation during baseline recordings as evident across all conditions of the 

study compared to the healthy older adult population and healthy young adult population. 

This increase in muscle tone during a relaxed state as measured by the sEMG recording 

was characterized by both the amplitude analysis and the frequency analysis. This finding 

is consistent with previous research that found increased tonicity and higher passive 

stiffness in the muscles of people with PD compared to healthy controls (Marusiak, 

Jaskólska, Budrewicz, Koszewicz & Jaskólski, 2011) and increased axial hypertonity as 

measured from hip and trunk torques in subjects with PD (Wright, Gurfinkel, Nutt, Horak 

& Cordo, 2007). Because of this higher baseline muscle activity, the rise to the contraction 
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state was significantly decreased. These findings are also consistent with the progression 

of PD symptoms.  

 

3. Differences between axial and distal muscles 

 As our results suggest, MAC occurred most consistently in the healthy young 

population, specifically in the medial deltoid trials. Previous research has shown that 

MAC is more prominent in proximal limbs (Ivanenko, Wright, Gurfinkel, Horak & Cordo, 

2006; Mathis, Gurfinkel, & Struppler, 1996; Gurfinkel, Levik & Lebedev 1989), which is 

perhaps why an occurrence of MAC was not as prevalent in the TA. Experimental 

observations were consistent with this finding because even those subjects who showed a 

MAC in the medial deltoid did not necessarily show a MAC in the TA. Additionally, only 

a handful of younger subjects showed an observed MAC response in the TA.  

 
 
4. Effect of attention 

 Our results suggest that simply paying attention to the unmanipulated 

(contralateral) limb can increase or decrease muscle activity in that limb. We found that 

the subjects with PD do in fact have a deficit in inhibiting activation in the contralateral 

limb when the manipulated limb is the side of disease onset. When the disease onset side 

is the manipulated side during the non-attention condition in the medial deltoid, the 

unaffected side shows increased sEMG activity (Fig 6a). However, when the unaffected 

side is attended to, there is a decrease in contralateral activity (Fig 10a). It is well 

established that PD symptoms develop unilaterally, but its cause is still unknown 

(Djaldetti, Ziv, and Melamed, 2006). Handedness is also a notable behavior that develops 

asymmetrically in both the healthy population and in the people with PD population. 



 

 45 

Animals studies have shown that there is a neuroprotective effect with physical exercise 

that focuses on the dominant limb (Tillerson, Cohen, Philhower, Miller, Zigmond, & 

Schallert, 2001; Cohen, Tillerson, Smith, Schallert, & Zigmond, 2003; cited in Djaldetti, 

Ziv, & Melamed, 2006). Therefore, it would be expected that the development of PD 

symptoms would occur on the non-dominant side. However, this remains a controversial 

topic in retrospective studies that investigated disease onset side and hand dominance in 

subjects with PD (Van Der Hoorn, Bartels, Leenders, & De Jong, 2011; Shi, Liu, & Qu, 

2013). In the PD group studied here, disease onset side and hand dominance were the 

same (right sided disease onset, right sided handedness) in two of the subjects while the 

other three subjects had differing disease onset side and hand dominance (two had left 

sided disease onset, right sided handedness, one had right sided disease onset, left sided 

handedness). Therefore, it cannot be definitively concluded that this co-activation that 

occurred during the non-attention condition and suppressed during the attention condition 

was due to a correlation between handedness and side of disease onset.  

 Instead, a more plausible explanation for the phenomenon described above could 

be due to a functional reorganization in the sensorimotor cortex in subjects with PD 

(Kojovic, Bologna & Kassavetis, et al., 2012). In a study conducted by Kojovic et al., it 

was deduced that there is increased motor cortical plasticity on the less affected side and 

an absent plastic response on the more affected side in people with PD. 

Electrophysiological findings showed that on the less affected side, short-latency 

intracortical inhibition and cortical silent period were preserved and on the more affected 

side short-latency intracortical inhibition and cortical silent period showed significant 

deterioration and shortening. The deterioration is thought to occur because of a lack of 
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dopaminergic neurons on the affected side. It is unknown as to whether these changes in 

plasticity occur because of need for compensation or as a result of disease related 

maladaptive plasticity (Kojovic et al., 2012). The functional reorganization that occurs in 

the sensorimotor cortex in individuals with PD, perhaps explains why we only observed 

increased muscle activity when the manipulated limb was also the more affected or 

disease onset side and not when the manipulated limb was the less affected side. In 

relation to the proposed neural circuitry model, when the manipulated side is the less 

affected side, people in the early stages of PD, show similar inhibitory responses in the 

contralateral limb as the healthy older adults and healthy young adults during the non-

attention trials. However, as proposed subjects with PD have a deficit in inhibiting the 

interneuronal reflex network from activating the contralateral motor neuron pool, thus 

resulting in an undesirable movement in the contralateral limb. This occurs specifically 

when the manipulated side is the affected side during non-attention trials. Subjects with 

PD are able to inhibit this undesirable movement when the unmanipulated (less affected) 

side is attended to.  

 

 
5. Transferability & the Jendrassik maneuver 

 It is well established the CPGs exist within the spinal cord and that these CPGs are 

heavily involved in locomotion in quadrupeds (Dietz, 2003: Zehr et al., 2004; Selionov, 

Ivanenko, Solopova, & Gurfinkel, 2009; Duysens & Van De Crommert, 1998). These 

CPGs receive afferent information from sensory neurons and are controlled by the 

brainstem and then input into the interneuronal reflex network via the spinal cord (Dietz, 

2003). However unlike the rhythmic arm movement in human locomotion model 
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described above (Zehr et al., 2004), it is suggested that MAC activates the motor neuron 

pool and not CPGs. However, that MAC may draw on the same circuitry and use them to 

activate these motor neuron pools comes from a study that examined involuntary air-

stepping following different sensory stimuli, including MAC (Selionov, Ivanenko, 

Solopova, & Gurfinkel, 2009). The after-effect phenomenon was used because of its 

known ability to excite neural networks, which can have an effect on muscle tone. 

Increased muscle tone is important for initiating alternating rhythmic leg movements that 

are involved in stepping (Selionov et al., 2009). Following a voluntary contraction 

inducing asymmetrical sensory feedback, the subjects involuntarily air stepped in an 

alternating continuous pattern. This observed behavior, as well as recorded EMG activity, 

supported evidence that MAC activates the motor neuron pools which cross talk via the 

interneuronal reflex network (Selionov et al., 2009).  

 It is also well established in both the clinical and research environments that the 

Jendrassik maneuver increases excitability in the spinal cord, however when Sapirstein 

used the Jendrassik maneuver during his after-effect experiments, there was not an 

increase in MAC (Sapirstein, Herman, & Wallace, 1937). There is no doubt that the 

Jendrassik maneuver increases spinal excitation (Sapirstein, Herman, & Wallace, 1937: 

Selionov, Ivanenko, Solopova, & Gurfinkel, 2009), but in order to increase MAC, there 

might need to be an asymmetry in this excitement. The contribution to MAC during 

contraction of the opposite arm during Sapirstein’s study was inconclusive (Sapirstein, 

Herman, & Wallace, 1937).  Our results explicitly show increased motor unit excitation, 

specifically in frequency, in both the attention and non-attention conditions across all 

populations (Fig 11) during the contraction phase. An extensive review of the literature 
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found support for the increase in amplitude of the motor unit response to the Jendrassik 

maneuver, however there was no support verifying or contradicting the increase in 

frequency response of the motor unit as well (Zabelis, Karandreas, Constantinidis, & 

Papageorgiou, 1998; Meara & Cody, 1992; Pivik & Bylsma, 1990; Hagbarth, Wallin, 

Burke, & Lofstedt, 1975).  

 
6.  Brain Areas and Neural Circuitry Model  

 While this particular portion of the larger study did not utilize imaging techniques, 

like functional magnetic resonance imaging (fMRI) and Diffusion Tensor Imaging (DTI), 

it is crucial to understand the neurological structures and pathways involved in MAC in 

order to explain the differences across the three populations. Voluntary muscle 

contraction, which can be observed in phase two of each trial, is controlled supraspinally 

by the SMA, M1 and Posterior Parietal Cortex (PPC). The SMA is responsible for the 

planning of movements, while M1, the primary motor cortex, elicits movements by 

generating commands that activate the brainstem and spinal cord. The PPC is responsible 

for providing feedback of the position of the body spatially (Kalat, 2009). These structures 

have descending corticospinal tracts (CST), which may be modulated in the spinal cord 

via the reticulospinal tract (RST) input. One function of the RST is control of the muscles 

involved in postural control (Kalat, 2009). The brain structures involved in volitional 

control of muscle activity also input to the basal ganglia (BG), which consists of the 

striatum, substantia nigra and the closely associated subthalamic nucleus. As described 

above, the substantia nigra is crucial for providing dopamine to sub-structures. The BG is 

also connected to the mesopontine region of the brainstem (Aravamuthan, Stein & Aziz, 

2008). This region, which is highly cholinergic, plays a role in excitation of the RST and 
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CST (Kalat, 2009; Takakusaki, K. J. Oohinata-Sugimoto, K. Saitoh & T. Habaguchi, 

2004).  When MAC occurs, the spinal cord potentially remains in an excited state. This is 

further explained with the neural circuitry model proposed below.  

 The following neural circuitry model (Fig 12) was proposed in this to study to help 

understand the mechanisms involved in MAC and the transferability that can occur 

between the left and right arms and between the left and right legs.  

 

  
Figure 12. Neural Circuitry Model for MAC in Left and Right Extremities. 
 

This neural circuitry model is driven supraspinally by the supplemental motor area as well 

as other areas confirmed to be involved in MAC. These areas include the contralateral (to 

the manipulated limb) precentral gyrus, the contralateral hemisphere superior parietal 

lobe, the bilateral superior temporal gyrus, the caudate nucleus, the thalamus and the 

cerebellum (Duclos, Roll, R., Kavounoudias, Roll, J.P, 2007; Parkinson, McDonagh & 
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Vidyasagar, 2009) and have been confirmed in imaging studies. This cortical activity 

provides input at all levels of the model. The voluntary contraction (not shown in the 

model) activates the motor neuron pool of that manipulated limb. For example, a 

voluntary contraction of the right medial deltoid will activate the motor neuron pool of the 

right arm.  The interneuronal reflex network of the arm receives input from the motor 

neuron pools of the arms. It is in this interneuronal reflex network where either activation 

of the motor neuron pool of the opposite limb is either facilitated or inhibited. Similarly, 

the motor neuron pools of the leg sends input to the interneuronal reflex network, where 

activation of the opposite motor neuron pool of the leg can either be inhibited or 

facilitated. The intersegmental reflex network receives input from both the interneuronal 

reflex network of the arm and the interneuronal reflex network of the leg. Although not 

directly proposed in this study, this suggests that there is the potential for cross talk 

between the upper extremity and the lower extremity. Such evidence is supported by gait 

studies which have shown that arm and leg movements are closely coordinated and have a 

tremendously strong coupling (Tester, Barbeau, Howland, Cantrell, & Behrman, 2012; 

Zehr, & Duysens, 2004; Zehr et al. 2004). 

Sensory feedback also provides input at every level in this proposed model. As has 

been noted in previous MAC research and preliminary results, subjects are often well 

aware that an involuntary contraction is occurring and often report a feeling of lightness or 

floating (Craske, B., & Craske, J.D, 1985; Craske, B., & Craske, J.D, 1986; Sapirstein, 

Herman & Wallace, 1937). This awareness provides information at all levels of the model 

as to where the limb is in space. However, it is not clear whether the sensory feedback is 

accurate. The representation of limb position is dependent on accurate comparison of 
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flexor and extensor (agonist/antagonist) muscle lengths. There is also the possibility that 

knowing that MAC is occurring could facilitate MAC further, although this has not been 

confirmed.   

This model also suggests that transferability can occur between the left and right 

arm and can also occur between the left and right leg, a phenomenon that was further 

investigated in this study. This behavior was first suggested by Craske and Craske (Craske 

and Craske, 1985). In essence, paying attention to the unmanipulated limb can elicit a 

MAC response in the unmanipulated limb because the interneuronal reflex network 

facilitates activation of the motor neuron pool of the opposite limb in healthy individuals. 

This prompts an after-contraction can be carried over to other limbs (Craske, B., & 

Craske, J.D, 1985; Craske, B., & Craske, J.D, 1986). For example in relation to this 

proposed model, if the right ankle is subjected to a voluntary contraction and the subject is 

then told to pay attention to the left ankle during the post-contraction relaxation phase, the 

motor neuron pool of the right leg will be activated. This activation will send information 

to the interneuronal reflex network, which will facilitate the activation of the motor 

neuron pool of the left leg as well, and a MAC in both limbs will occur. Because of the 

cross talk between the motor neuron pools of the left and right legs (and arms) via the 

interneuronal reflex network, this MAC response is expected to have a set phase 

relationship. In the first part of the study, where just a voluntary contraction occurs 

without the subject being instructed to pay attention to the unmanipulated limb, the 

interneuronal reflex network inhibits the opposite motor neuron pool from being activated.  

According to the model, for people with PD during the first part of the study, the 

interneuronal reflex network of both the arm and the leg has difficulty inhibiting the 
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activation of the opposite motor neuron pool. Therefore, a voluntary contraction in the left 

deltoid will activate the motor neuron of the left arm, which will in turn activate the 

interneuronal reflex network of the arm. The interneuronal reflex network is unable to 

inhibit the activation of the motor neuron pool of the right arm and so muscle activity is 

increased and verified with the sEMG recording. However, when the subject with PD is 

instructed to pay attention to the unmanipulated limb, he or she is then able to inhibit the 

opposite motor neuron pool.   

 

7. Limitations & Future Research 

 There is one main limitation of the proposed model. Mainly, the interneuronal 

reflex network levels of the model and the intersegmental reflex network is generalizing 

and simplifying the behavior of millions of neurons. Additionally, the somewhat small 

sample size, particularly in the PD group, makes it difficult to make any explicit 

conclusions, especially in relation to the effect of dopamine treatments on muscle 

activation patterns.  

 Future research can examine the validity of the intersegmental reflex network in 

the proposed model. It is suggested that the transferability can occur not only between 

opposite arms or legs, but also between arms and legs, meaning MAC in the arm can be 

transferred to the leg, especially contralaterally, and vice versa. In order to test the role of 

the intersegmental reflex network of transfer of MAC, a similar protocol as described 

above can be conducted, except instead of paying attention to the opposite unmanipulated 

limb, the subject can be instructed to pay attention to the upper or lower extremity 

depending on which limb was manipulated. For example, after treating the right arm, the 
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subject can be told to pay attention to the right leg. A sEMG recording and analysis will 

provide insight as to whether this transfer really occurs and to what degree. The Jendrassik 

maneuver could also be used to potentially elicit a greater MAC response in the legs. This 

would give a better understanding of the role that the intersegmental reflex network plays 

in MAC.  

 Another limitation of this study involves the process used to normalize the data in 

the amplitude analysis.  For each subject, maximum amplitude reached during the trial 

was determined. Averages were then calculated during each phase and then normalized to 

this maximum amplitude, ultimately represented as a percentage of the maximum 

amplitude. While this is a widely accepted way of normalizing amplitude data and has 

been used in a number of studies (Hubley-Kozey, Robbins, Rutherford, & Stanish, 2013; 

Karabulut, Cramer, Abe, Sato, & Bemben, 2009; DiStefano, 2009) this method assumes 

that all of the mean amplitudes within a group are similar, particularly during baseline and 

when determining the maximum amplitude, which may not be the case. As a result, 

amplitude comparisons made between groups should be interpreted cautiously.  
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CHAPTER 5 
CONCLUSION 

 

The purpose of this study was to use a novel technique to investigate MAC in the 

medial deltoid and TA in three distinct populations: healthy young adults, healthy older 

adults and people with PD, both on and off medication. Based on the preliminary results, 

as well as prior research, we expected that there would differences in both an amplitude 

and frequency analysis across populations. These differences were detected with a CWT 

analysis, IMNF analysis and statistical analysis and that provided useful insight into MU 

recruitment variations across the three groups. The healthy young adult group had the 

most pronounced MAC in the manipulated limb during the non-attention and attention 

trials in the medial deltoid. The subjects with PD showed a co-activation when the 

manipulated limb corresponded to the side of disease onset, but were able to suppress this 

co-activation when the unmanipulated limb was attended to during the attention condition. 

The healthy older adult population reverted back to their baseline frequency and 

amplitude following a contraction, rarely if ever showing MAC.  

This study also suggested that healthy young and healthy older individuals are able 

to inhibit and facilitate activation of the motor neuron pool of the contralateral limb 

depending on whether or not the opposite limb is being consciously attended to or not. 

Conversely, the PD group showed an effect opposite to that of the healthy individuals 

when the manipulated side corresponded to the disease onset side. These results may be 

explained by the proposed neural circuitry model, which suggests involvement of 

supraspinal mechanisms. These motor neuron pools of the four limbs are connected via 

the interneuronal and intersegmental reflex networks with sensory feedback sending input 
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at every level. A CWT and IMNF analysis of the sEMG recording of both the active and 

inactive limbs supports this proposed model.  

In conclusion, differences in amplitude and frequency of MAC between young 

adults, older adults and subjects with PD suggest tonic neuromuscular processes 

differentially affect axial and distal postural muscles. Individuals with PD have difficulty 

inhibiting involuntary muscle activity in the less affected side, possibly due to a 

compensation via sensorimotor reorganization cortically (Kojovic et al., 2012). Tonic 

muscle activity is affected not only by basal ganglia disease, but healthy aging as well. 

These findings may provide insight into the increased falls-risk in elderly and PD 

populations.  
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