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ABSTRACT 

Spinal motoneurons (MNs) relay neural commands from the brain to the muscles 

to produce functional movement. However, MNs are more than passive conduits of 

neural commands; they also shape motor output through alterations in their intrinsic 

excitability. These alterations allow MNs to modify (e.g., amplify and/or prolong) motor 

output even in the absence of descending motor commands. How MNs respond to this 

modulation, under various conditions, is not fully understood. In the scope of this 

dissertation, we leverage high-density electromyography and motor unit decomposition 

algorithms to investigate how human MNs behave in (Aim 1) different muscles under 

similar task demands; (Aim 2) the same muscle under different task demands; and (Aim 

3) in response to exogenous neuromodulation. First, in Aim 1 we demonstrate that MN 

excitability varies across motor pools and, thus, may be functionally tuned to the task and 

its muscle-specific demands. The results indicate that the MN discharge rates were 

significantly higher in the first dorsal interosseous, a small hand muscle used for fine 

motor control. Conversely, higher MN excitability was observed within the tibialis 

anterior, a lower leg muscle involved in balance and locomotion. Next, in Aim 2 we show 

that a muscle (i.e., the biceps brachii) with multiple biomechanical functions (e.g., 

supination and flexion) receives differential synaptic input to perform each action while 

the MN discharge characteristics remain the same. Finally, in Aim 3 we demonstrate that 

a single cup of coffee can alter fundamental motor control mechanisms by increasing 

discharge rate, inter-pulse variability, and excitability through caffeine-induced 

neuromodulation. Collectively, findings from this dissertation demonstrate the human 

motor system’s tremendous ability to adapt to internal and external states.  
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CHAPTER 1 

INTRODUCTION AND REVIEW OF THE LITERATURE. 

Motoneuron Physiology  

A motoneuron (or motor neuron; MN) is a type of neuronal cell that carries 

electrical signals, or impulses, from the central nervous system (CNS) towards the 

muscles throughout the body to aid in movement. There are two classifications of MNs, 

based on their location within the CNS: upper and lower (Stifani, 2014).  

Upper MNs, are located within the primary motor cortex, the supplementary 

motor area, and the pre-motor cortex (Purves et al., 2001). Upper MNs have the ability to 

initiate, modulate, or inhibit the activity of lower MNs, aiding in the control of 

movement. The axons of upper MNs descend the spinal cord, organized into discrete 

tracts. The majority of the upper MNs responsible for volitional control of muscle, cross 

to the contralateral side of the brain stem (i.e., decussation) before ultimately synapsing 

in the spinal cord with cells of lower MNs, often via interneurons (Kandel et al., 2012).  

Lower MNs are located within the brain stem and the ventral horn of the spinal 

cord. These lower MNs receive a plethora of synaptic information, regulating their 

output, from neighboring cells including upper MNs, sensory neurons, and interneurons 

(Lemon, 2008). These lower MNs are then divided into smaller sub-classifications: 

gamma and alpha MNs.  

Gamma MNs innervate intrafusal muscle fibers, which don’t contribute to direct 

musculoskeletal movement but control the sensitivity (gain control) of muscle spindles, 

which sense how much and how fast a muscle is lengthened or shortened. Gamma MNs, 
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through the modulation of muscle spindles, allows the nervous system to fine-tune the 

sensitivity of muscle stretch receptors and thus refine movement control (Eccles, 1964). 

Alpha MNs innervate extrafusal muscle fibers, which are the muscle fibers that 

are responsible for generating force and movement. These are the main neurons that 

control the contraction of skeletal muscle fibers, they are located in the ventral horn of 

the spinal cord and send axons to the muscle fibers they innervate. These MNs represent 

“the final common pathway” for motor commands coming from the brain (Sherrington, 

1904). In other words, they receive inputs from upper MNs and all other sources within 

the spinal cord, integrate them, and send the final motor commands to the muscles and 

organs they innervate.  

For the remainder of this paper, all instances of “MN” are intended to represent 

spinal alpha motoneurons, except where explicitly mentioned otherwise. 

The Motor Unit 

A motor unit (MU) is the basic functional unit of the motor system. It consists of 

a single MN and all of the muscle fibers that it innervates (Adrian & Bronk, 1929). The 

number of muscle fibers in each MU can vary, based on the type and function of the 

muscle (or motor pool) it resides within. Furthermore, the number of MNs (and thus 

MUs) within a particular motor pool can also vary. For example, MUs in muscles used 

for fine movements, like those controlling the movement of the eye, tend to have fewer 

muscle fibers per unit than motor units in muscles used for gross movements, like those 

in the thigh (Heckman & Enoka, 2012). This ratio of muscle fibers innervated by each 

MN axon is referred to as the innervation ratio and often reflects the functional properties 

of the parent muscle. 
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The connection between the axon terminal of the MN and muscle fibers within a 

MU forms a structure called the neuromuscular junction. This junction provides a 

relatively large safety factor for the transmission of neural signals, such that the discharge 

of a MN and the activation of its corresponding muscle fibers have a one-to-one 

connection (Wood & Slater, 2001). Furthermore, since it is often the case each MN is 

attached to dozens (if not hundreds) of muscle fibers, when a MN discharges, the 

corresponding muscle fibers act to amplify this signal (De Luca, 1997). It is through this 

mechanism, and the propagation of action potentials along the muscle fibers of a MU, 

that many of the references provided in this dissertation, are able to observe changes with 

such high-fidelity in the human neuromuscular system (see below section – 

Electromyography). Additionally, because of the inter-connected nature and functional 

similarities of MNs and their MU’s, these terms are often conflated and used 

interchangeably, despite nuanced anatomical differences. 

How Movement is Controlled at the Level of the Motor Unit 

To create meaningful movement through the contraction of muscles, MUs 

regulate force production through two well-established mechanisms: (1) by recruiting 

more motor units to contribute to a specific task (i.e., recruitment); and 2) by increasing 

the discharge rate of the motor units already active (i.e., rate coding) (Henneman, 1957; 

Milner-Brown et al., 1973; Monster & Chan, 1977). Fortunately, the regulation of these 

processes is largely based on the intrinsic properties of each type of MN and not left to 

volitional control.  

The control of MUs within a motor pool constitutes a crucial aspect of normal 

human movement. Henneman's "size principle" governs the order of MU recruitment 
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based on the fixed physical and electrical properties of the parent motoneuron. Moreover, 

the discharge rate of a MU is associated with the physical properties of the parent 

motoneuron, and its variation is proportionate to the level of synaptic input received 

(Enoka & Duchateau, 2017).  

These principles are based on a series of seminal studies, that guided earlier 

neuromuscular researchers, like Henneman, to investigate regulatory properties of motor 

control. By measuring the size of MNs, assessed by the size of their extracellular action 

potentials, Henneman and colleagues (Henneman et al., 1974) demonstrated the “orderly” 

recruitment of MNs based upon their size. Such that smaller MNs are recruited first, and 

generally discharge at higher frequencies, than MNs that are recruited later and discharge 

at much lower frequencies. These properties would later inspire the work of De Luca and 

Erim (De Luca & Erim, 1994), which termed a model of MU control the “onion skin”. 

This model is named so for the inverse relationship between firing rates and recruitment 

order observed when plotted (during symmetrical ramp contractions), resembling the 

concentric layers of an onion when chopped in half. Further experiments confirmed these 

initial findings through assessments of additional MN properties such as the conduction 

velocity of MNs, ratio of rheobase current and the input resistance of MNs (Burke et al., 

1973; Clamann et al., 1974; Fleshman et al., 1981; Gordon et al., 1999; Kernell & 

Zwaagstra, 1981; Olson et al., 1968). In totality, these regulatory properties provide a 

smooth gradation of force output, in which the progressive recruitment of more MNs 

provides a steady increase in force. 

For nearly half a century, MNs were assumed to act as mere conduits for motor 

commands sent from the brain to the muscle, relying on these underlying regulatory 
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properties to regulate force output. However, more recent work (Heckman et al., 2005; 

Lee & Heckman, 1996) supports the existence of neuromodulatory changes in levels of 

MN excitability to further explain the full repertoire of MU behavior. These mechanisms 

allow the MN to augment the motor command, in a non-linear fashion, creating an 

additional layer of complexity in controlling human movement.  

Persistent Inward Currents 

Challenging earlier assumptions of highly linear behavior, it is now known that 

MNs can intrinsically amplify and prolong the synaptic input from the central nervous 

system (Lee et al., 2003; Lee & Heckman, 1998). These newly discovered properties of 

MNs are voltage-dependent and regulated by monoamines (i.e., norepinephrine and 

serotonin) released from the brainstem (Perrier, 2005). The release of monoamines results 

in intrinsic changes to the excitability of MNs through the activation of persistent inward 

currents (PICs) on the soma and proximal dendrites, which are primarily caused by fast-

activating voltage-gated sodium and slow-activating calcium channels  (Heckman et al., 

2005; Lee & Heckman, 1996). These changes in electrical properties of MNs, as a result 

of PIC activation, creates a non-linear input-output relationship which complicates 

typical MN behavior.  

Once PICs are activated, they can both accelerate the initial MN firing and 

contribute to the repetitive firing required for sustained muscle contraction. This 

amplification observed from PIC activity is proportional to the levels of monoamines 

present at the MN (Heckman et al., 2005; Lee et al., 2003). As a functional consequence, 

the MN is able to remain active even after descending synaptic drive has lessened or 

ceased (Lee & Heckman, 1996). The neuromodulatory effect from fluctuations in 
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monoamines present, is critical to normal physiological function of MNs (Heckman & 

Enoka, 2012). In fact, it is estimated that without the effects of monoaminergic 

neuromodulation, the basal MN activity produces less than 50% of the maximum motor 

output (Heckman, 1994; Heckman et al., 2008). As a result, understanding the extent to 

which the human motor system controls PICs is essential to investigate. 

Due to the difficulties associated with directly measuring transmembrane currents, 

the majority of evidence for understanding PIC physiology resides within animal models. 

For example, within reduced cat and turtle MN experiments (in which the brain stem may 

be partially severed), the administration of exogenous monoamines can be utilized to 

elicit hysteresis in MN firing profiles, causing continued activation at levels of 

depolarizing input that would otherwise be below the threshold for activation (Bennett et 

al., 1998; Hounsgaard et al., 1988; Hounsgaard & Kiehn, 1989; Lee & Heckman, 1996). 

This extra current and resulting hysteresis are provided in large part by the activation of 

PICs.  

Unfortunately, unlike the animal model, direct observation of PIC activity in 

human MNs is not yet possible. However, it is possible to infer underlying cellular 

process from the discharge of pairs of individual MUs because of the one-to-one 

relationship between the MN’s action potential and resultant action potential of the 

associated muscle fibers (Duchateau & Enoka, 2011). These inferences are possible due 

to electromyography. 

In addition to providing an essential role in the regulation of normal motor 

control, there is new evidence suggesting disruptions in the regulation of monoamines 

(and PIC behavior) may lead to clinically significant symptomology in a wide range of 
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disease conditions including stroke, spinal cord injury, and amyotrophic lateral sclerosis 

(ElBasiouny et al., 2010; McPherson et al., 2008; Murray et al., 2010). The effects of 

drugs which act on the monoaminergic system (that regulate PICs), provide an alluring 

genre of research which is underexplored (Udina et al., 2010). 

Electromyography  

Electromyography (EMG) is a useful tool to aid in observing the neuromuscular 

system. Essentially, EMG acts similarly to a voltmeter that an electrician might use when 

conducting house repairs, to measure the presence of electrical currents in wires. In 

neuromuscular science, EMG is able to measure the depolarization and hyperpolarization 

(changes in voltage) that occur along the surface of the muscle fiber membrane 

(sarcolemma), during muscular contractions (Vigotsky et al., 2018). These changes in 

voltage are due to the motor unit action potentials (MUAP) propagating along the 

sarcolemma, as a result of the parent MN firing. Through these observations, each MUAP 

corresponds to the discharge of a MN, creating a metaphorical window through which we 

can observe the human nervous system.  

The interpretation of electrophysiological signals from muscle and MNs have 

been utilized for nearly a century (Adrian & Bronk, 1929). Many early experiments 

utilized invasive forms of EMG (intramuscular EMG, iEMG), in which a small needle 

electrode would be inserted into the muscle belly and the input-output dynamics of MNs 

and muscle contraction could be observed. Surface EMG (sEMG) allows for these 

recordings to be captured non-invasively, through the skin. The use of both iEMG and 

sEMG have allowed for massive insight into motor control, however, each have 

methodological and technical limitations that have been well documented (De Luca, 
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1997; Farina, 2006; Vigotsky et al., 2018). In short, iEMG provides a high fidelity view 

of MUAP and MU activity, however, it is spatially restricted to a very small volume of 

tissue next to the recording needle (Duchateau & Enoka, 2011). It is common for iEMG 

to only record from a single MU at a time. Furthermore, iEMG is an invasive procedure 

requiring the insertion of a needle through the skin of the participant. While pain during 

this procedure is limited, this often becomes prohibitive to use within vulnerable subject 

populations, requires additional ethical approval, and requires the use (and training of) 

sterile medical techniques. Contrarily, sEMG captures a relatively large volume of 

electrical signals through the skin but is much less selective, less sensitive, and is prone 

to noise (Farina, 2006). Furthermore, the interpretation of sEMG amplitude is fairly 

limited because of the inability to differentially determine rate cod ing from recruitment in 

force generating (Vigotsky et al., 2018). Because of these methodological limitations, 

accurately assessing the non-linear behavior of MUs (and MNs) is difficult with the use 

of conventional EMG techniques.  

Motor Unit Decomposition 

Recent advancement in technology now allows for a new approach to accurately 

observe the behavior of MUs. High-density surface EMG (HDsEMG), multi-channel 

(commonly 10 to 128+ channels) electrode arrays, are being used in conjunction with 

EMG decomposition algorithms to observe the concurrent activity of dozens of active 

MUs (Thompson et al., 2018) (See Figure 1.1). EMG decomposition algorithms apply 

various types of signal component analysis, which require multiple EMG observations to 

accurately identify unique MU activity (Farina & Holobar, 2016). A version of 

convolutive blind source separation is commonly utilized for this purpose (Holobar et al., 



9 

2010; Negro et al., 2016). This technique, not unique to neuromuscular science, attempts 

to extract a unique, individual, signal from a mixture of multiple signals. Through the 

temporal and spatial identification of MUAP waveforms across the multi-channel array, 

unique MUs (and thus MNs) are able to be tracked with a high degree accuracy 

throughout the duration of an experiment. Furthermore, it is possible to accurately 

identify the same MU at a much later time, for example during follow up experiments 

(Del Vecchio et al., 2020; Martinez-Valdes et al., 2017). 

Utilizing these new techniques, it is possible to observe the behavior of the motor 

system with much higher fidelity. Furthermore, the ability to observe large populations of 

concurrently active MUs, not just single unit recordings, offers the possibility for much 

greater insight into the non-linear properties of MNs and the synaptic control of them 

(Muceli et al., 2015).   
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Figure 1.1. HDsEMG of Bicep. Left: Example of a common experimental setup; 64-

channel high-density surface electromyography arrays located on the anterior surface of 
the biceps brachii, with a manipulandum attached to a load cell to measure forces and 

torques. Right: Bold black line represents torque feedback. Light blue lines represent 
surface EMG from 2 available channels of one HDsEMG array during a “ramp” shaped, 
flexion contraction. Bottom Right: Smoothed instantaneous discharge times from 10 

decomposed motor units of the same contraction. 
 

Measurement of Common Synaptic Input  

By leveraging HDsEMG and MU decomposition algorithms, it is possible to 

observe common fluctuations in MN discharge, which can indicate modulation from 

descending synaptic inputs (Farina & Negro, 2015). Intra-muscular coherence analysis 

allows for the estimation of the common synaptic input to a single motor pool, through 

the inspection of the discharge characteristics of individual MNs within that same 

muscle. Specifically, coherence provides a value of the correlation in the frequency of 
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synaptic inputs shared between pools of MNs within a single muscle (Laine et al., 2015; 

Zaback et al., 2022). To facilitate comparisons across subjects and conditions, coherence 

values are typically converted to standard Z-scores, and the area under the curve of 

physiologically relevant frequency bins are used for statistical analysis (e.g., Delta band 

0-5Hz, Alpha band 5-15Hz, Beta band 15-35Hz).  

Although there is a comprehensive understanding of the anatomical factors 

involved in force production in human muscles, the process of how MNs transform 

synaptic information into neural commands for muscles is still not fully understood. The 

main reason for this discrepancy is the difficulty of making in vivo observations of these 

neurons in humans. However, coherence analysis provides a non-invasive opportunity to 

observe these behaviors during naturalistic voluntary muscular contractions. Previous 

investigations suggest that alterations in low-frequency coherence (Delta band), also 

known as common drive (De Luca & Erim, 1994), may be directly related to the control 

of voluntary force output and can reflect changes in force variability (Castronovo et al., 

2015; Farina & Negro, 2015; Negro et al., 2009). Alterations in Beta band coherence may 

be due to specific input from the motor cortex, pyramidal tract neurons, and/or other task-

specific motor information such as grip aperture adjustments (Baker et al., 1997; Kilner 

et al., 1999; Wang et al., 2020; Yang et al., 2009). Furthermore, Alpha band alterations 

may represent changes in multimodal input from various cortical and spinal sources 

(McAuley & Marsden, 2000; McKiernan et al., 2000). This technique provides valuable 

insights into estimating synaptic input into the motor pool, allowing for comparisons 

within and between experimental conditions. 
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Measuring the Excitability of Motoneurons in Humans 

Understanding the full repertoire of MNs requires demystifying the non-linear 

behavior that they often display. One large influence on non-linear firing behavior in 

MNs is related to changes in MN excitability through the activation of PICs (Lee & 

Heckman, 1999). Measuring and quantifying these effects in humans has been difficult. 

Other studies have relied on measuring MN excitability in humans through the use of an 

electrical-stimulation induced spinal reflex, known as the H-reflex (Kalmar & Cafarelli, 

1999; Knikou, 2008). This indirect measure of MN excitability is performed by providing 

an exogenous electrical stimulation of a peripheral nerve and recording the subsequent 

motor output with EMG (Pierrot-Deseilligny & Mazevet, 2000).  

The H-reflex is similar to the traditional “tendon-tap” (stretch) reflex, routinely 

used in medical exams, and can be used to study the excitability and reflex pathways of 

MN and its afferent input. However, unlike the stretch reflex, the H-reflex bypasses the 

muscle spindles, providing further investigative capabilities of the monosynaptic reflex 

arc. The H-reflex can also be used to assess the function of the spinal cord and peripheral 

nerves, and evaluate the effects of various interventions, such as spinal cord injury, nerve 

injury, and certain diseases, on the nervous system (Palmieri et al., 2004). Typically, this 

proxy measure is quantified by calculating the amplitude of the resultant EMG 

waveforms, as well as other derivations of similar measures (Funase et al., 1994).  

In addition to its investigative clinical use, the H-reflex has also been utilized by 

researchers as a proxy measure to quantify MN excitability. However, this technique has 

numerous limitations when trying to infer specific mechanisms and interpretations related 

to MN excitability (Misiaszek, 2003; Palmieri et al., 2004). Most notably, the H-reflex is 

an electrically induced reflex arc that does not naturally occur within the human body, 
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limiting its ability to generalize its interpretation to naturalistic motor control of MNs. 

Further, there is a common misconception that the H-reflex is derived purely from the 

stimulation of Ia afferents, projecting monosynaptically onto the parent MN, and the 

resultant H-reflex accurately represents MN excitability (Knikou, 2008; Misiaszek, 2003; 

Palmieri et al., 2004). It has been demonstrated that oligosynaptic inputs and presynaptic 

modifications readily contribute to alterations of H-reflex amplitude (Burke et al., 1984; 

Pierrot-Deseilligny et al., 1981). Lastly, while H-reflex amplitude can be altered by state 

changes in motor pool excitability, this relationship is not mutually exclusive, and 

misunderstanding these nuanced limitations may lead to erroneous interpretations of 

quantifying MN excitability in humans (Knikou, 2008; Misiaszek, 2003; Palmieri et al., 

2004). 
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Figure 1.2. Paired Motor Unit Analysis. Top: Torque (black) and all available 

decomposed motor units (grey). Bottom: Two examples of test and control units utilized 
for the paired motor unit analysis (Delta-F). 

 

  



15 

Paired Motor Unit Analysis  

During a series of experiments investigating the non-linear behavior of MNs in 

humans, Gorassini and colleagues (Gorassini et al., 2002a, 2002b), introduced a new 

technique for estimating the effects of PICs in human MNs. This new technique, the 

“paired motor unit analysis” (i.e., Delta-F; ΔF), provides the ability to estimate the 

contribution and amplitude of PICs on the activation of MUs. This technique involves 

recording the discharge activity of (at least) two MUs during a triangular-shaped, 

symmetrical, “ramp” contraction (See Figure 1.2). Then, the time at which a higher 

threshold MU (aka. “test unit”) is recruited and derecruited is found and normalized to 

the firing frequency of a low-threshold MU (aka. “control” unit). Then, the difference in 

discharge rate of the low-threshold MU, at the time when the higher MU is recruited and 

subsequently de-recruited, is calculated as ΔF. Under high levels of PIC activity (and thus 

excitability), in a case where increased values of ΔF may be observed, the synaptic 

current needed to reach threshold will be lowered and a lower derecruitment threshold 

will be observed and the change in discharge rate (i.e., ΔF) will be calculated. It is 

through these methods that Gorassini (Gorassini et al., 2002a) first estimated that PICs 

are responsible for ~40% of the rate modulation in MUs during these contractions, 

exemplifying their functional significance. Heckman and colleagues (Heckman et al., 

2009) would later claim this number to be an underestimation of true PIC amplitude. 

Since its inception, the ΔF calculation, has been validated in numerous studies 

(Gorassini et al., 2004; Heckman et al., 2009; Powers et al., 2008). Until recently, ΔF 

calculations were performed largely through the use of iEMG on humans and animal 

models, and only included a small number of MU comparisons. However, with the 

utilization of non-invasive, HDsEMG arrays and MU decomposition techniques the 
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number of valid motor unit comparisons possible has increased significantly. By utilizing 

HDsEMG in humans, we are now able to measure ΔF, not only at single MU level, but at 

the level of entire populations of MUs (motor pools). These population measures of 

human MN discharge provide us with a new means to quantify the distribution of 

excitability within motor pools, across motor pools, and in response to exogenous 

neuromodulation.  

Modulation of Motoneuron Excitability  

The modulation of MN excitability is largely influenced by monoamines (e.g., 

serotonin and norepinephrine) through the activation of PICs. The resulting PICs can 

enhance synaptic currents by fivefold (Heckman & Enoka, 2012), resulting in profound 

functional implications. However, the inability to readily observe these fluctuations in 

human subjects has limited its understanding and significance. The innovations in 

HDsEMG and MU decomposition algorithms now allow for the quantification of PIC 

amplitude (Gorassini et al., 2002a) and better understanding of the non-linear behavior of 

MNs. 

Previous electrophysiological studies, utilizing decerebrate feline and rat models, 

have demonstrated larger PIC magnitudes in extensor motor pools, than flexor motor 

pools (Cotel et al., 2009; Hounsgaard et al., 1988). These preliminary reports demonstrate 

the potential for PIC activity to vary between motor pools. More recently, Wilson and 

colleagues (2015)  observed similar findings in humans, utilizing the paired-motor unit 

analysis technique (Gorassini et al., 2002a). Similarly, our preliminary studies have 

shown significant variation in MN excitability between functionally-different motor 

pools within the same subjects  (Taylor et al., 2020). Further, we suggest that there may 
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be a functional distribution of PIC activity, across motor pools, that may aid in task- and 

function-dependent motor control. For example, the estimated PIC amplitude of a 

postural-support muscle may be much greater than that of a muscle responsible for fine-

motor control. This potential disparity in PIC amplitude, across motor pools, could aid 

the motor system in achieving functionally specific goals. Additionally, these 

mechanisms could act to reduce the computational load on the nervous system, by 

allowing motor pools with repetitive or tonic activity patterns (such as muscles necessary 

for posture control or locomotion) to remain activated after descending synaptic drive has 

lessened or ceased. Such theories may offer additional insight to classical motor control 

questions (Bernstein, 1966).  

In addition to motor-pool dependent disparities in PIC activity, it is possible for 

PIC amplitude to fluctuate within the same motor pools, in response to varying 

monoaminergic drive. The activity of the brain stem nuclei from which monoaminergic 

inputs arise is highly state-dependent (Aston-Jones et al., 2000), raising the possibility 

that this system can regulate the amplitude of PICs to suit the specific demands of a given 

task. State-dependent fluctuations in human PIC activity, through alterations in 

neuromodulatory input, have only recently been demonstrated through the use of 

powerful stimulant drugs (Udina et al., 2010) and through meditative, whole-body 

relaxation practice (Mesquita et al., 2022). These pioneering studies represent the first to 

utilize these novel methods in humans, however, our understanding of the extent to which 

monoaminergic input is regulated during normal motor behavior is limited and demands 

further investigation.  
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Exogenous Modulation of Motoneurons 

The extent to which PICs can be modified exogenously, in humans, is unknown. 

Although, a number of studies have investigated this question in terminal animal models 

(Harvey et al., 2006; Hounsgaard et al., 1988; Lee & Heckman, 1999), however, 

analogous experiments in humans have not been possible until non-invasive measures 

have become available.  

One recent study utilizing the ΔF approach, has shown that the administration of 

amphetamine significantly increased MN excitability in humans (Udina et al., 2010). The 

authors believe the observed alterations in PIC, from amphetamine, are largely due to its 

effects as a central nervous system stimulant. Specifically, through the volumetric release 

of the monoamines: serotonin and norepinephrine. Both of these monoamines have a 

prominent effect on MNs by activating PICs, which can evoke non-linear MU behavior. 

Similarly, other studies have shown that increasing basal levels of these monoamines, 

through the administration of orally ingested caffeine, also has the potential to evoke non-

linear MU behavior in the form of a self-sustained discharge of MUs (Walton et al., 

2002). In a similar study Walton and colleagues (2003), also demonstrated the propensity 

for orally ingested caffeine to increase recorded H-reflex, suggesting caffeine’s effects 

modify the excitability of human MNs. 

Caffeine Background 

Caffeine has garnered increased attention in the field of human physiology with a 

plethora of studies demonstrating its ergogenic potential. For example, studies have 

shown caffeine has the ability to improve cognitive ability (Ruxton, 2008), short-term 

memory (Bättig & Buzzi, 1986), physical endurance (Doherty et al., 2004; Doherty & 
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Smith, 2005; Warren et al., 2010), muscular strength (Grgic et al., 2018, 2019; Grgic & 

Pickering, 2019), and exercise tolerance (Meyers & Cafarelli, 2005).  

At typical doses, caffeine acts as a stimulant on the central nervous system. 

Achieving these effects by acting as a competitive antagonist to adenosine, which elicits 

its benefits for wakefulness and alertness (Fisone et al., 2004).  Additionally, caffeine can 

evoke the release of excitatory monoaminergic neurotransmitters, including 

norepinephrine and serotonin (Berkowitz & Spector, 1971). These monoaminergic 

neurotransmitters are of particular interest as they can modulate MN excitability through 

the activation of PICs in spinal MN, which aid in the amplification and prolongation of 

synaptic input to the MN (Bennett et al., 1998; Hounsgaard et al., 1988; Hounsgaard & 

Kiehn, 1989; Lee & Heckman, 1996).  

Caffeine has been proposed to impact not only the central nervous system but also 

the peripheral neuromuscular system through two primary mechanisms: 1) intracellular 

mobilization of calcium from the sarcoplasmic reticulum (Bianchi, 1961, 1968; Grgic et 

al., 2019; Nehlig & Debry, 1994; Wendt & Stephenson, 1983), which increases myofibril 

sensitivity to calcium (de Beer et al., 1988; Fryer & Neering, 1989), and 2) inhibition of 

phosphodiesterases, resulting in an increase in cyclic-3',5'-adenosine monophosphate in 

various tissues, including muscle (Beavo et al., 1970; Butcher & Sutherland, 1962). 

However, it is important to note that most of these findings have been demonstrated in 

animal models or in vitro studies using relatively high concentrations of caffeine 

(Graham, 2001; Reggiani, 2021). Therefore, the physiological significance of these 

studies remains unclear and it is challenging to determine the extent to which these 

mechanisms of action of caffeine translate to human ergogenic benefits in vivo. 
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While caffeine remains one of the most researched psychoactive drugs openly 

available to consumers, its effects at the level of the human MN still remains unclear and 

there remains ambiguity regarding the complete impact of its pharmacodynamics, 

particularly its effects on human spinal MNs. 

Caffeine Pharmacology 

Caffeine (1, 3, 7-trimethylxanthine) is a naturally occurring member of the 

methylxanthine class of compounds. Though caffeine is not an essential nutrient, it is one 

of the most commonly consumed stimulants world-wide due to its abundant presence in 

food products as well as over-the-counter and prescription drugs (Fulgoni et al., 2015; 

Graham, 2001). After ingestion, caffeine is rapidly absorbed into the bloodstream, 

reaching peak serum concentration in less than two hours (Kaplan et al., 1997). Though 

"generally recognized as safe", (FDA Act Section 201) toxic effects (including 

tachycardia and ventricular arrhythmia) have been reported; however, these effects are 

almost exclusively observed at exceptionally large doses, starting at approximately 1,200 

mg. A life-threatening dose of caffeine is typically estimated at between 10,000 and 

14,000 mg (Kaplan et al., 1997; Nawrot et al., 2003). While caffeine content varies in 

different products, a typical 8-ounce cup of ground coffee contains approximately 100 

mg of caffeine; therefore, to reach the toxic dose, roughly 50–100 ordinary cups of coffee 

would have to be consumed. The dosage for the current study (aim 3), a single-dose oral 

administration of 3 mg/kg (~210 mg for a 70kg participant), is well below the toxic dose, 

within the FDA’s recommendation for daily use, and approximately the average dose of 

caffeine found in a “Starbucks Grande Brewed Coffee” (260 mg). 
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Specific Aims 

Once thought to be a passive follower of descending neural commands, the 

motoneuron (MN) which controls muscular contractions, is now known to behave in a 

non-linear and state-dependent manner. These non-linear and state-dependent properties 

are largely due to the activation of persistent inward currents (PICs), as a result of 

changes in monoamines (serotonin and norepinephrine). Recent advancements in 

technology (HDsEMG and decomposition algorithms) now permit the study of entire 

populations of MNs in humans. These observations can be done non-invasively and with 

a high degree of fidelity, unlocking a new window through which to observe the human 

nervous system. Despite the vital role PICs play in controlling motor output, the mapping 

of PICs and their non-linear behavior is underexplored in human motor pools.  

A comprehensive understanding of these non-linear behaviors is essential to 

directing a complete understanding of the human motor system, as older theoretical 

models of motor control do not account for their interactions. Furthermore, developing a 

full understanding of human MNs may guide diagnostic, prognostic, and therapeutic 

implications for neuromotor pathology with known PIC disruptions. 

In a series of three experiments, the current work aims to assess the influence of 

PICs on the behavior of human spinal MNs. Specifically, how human MNs behave in 

response to muscle-, task-, and neuromodulation-dependent state changes. 

 

 

 

 



22 

Specific Aim 1  

Assess human spinal motoneuron behavior and excitability within 

functionally varying motor pools. Hypothesis 1A: Maximal motor unit discharge rate 

within the first dorsal interosseous motor pool will differ from the tibialis anterior motor 

pool. Hypothesis 1B: Motoneuron excitability will differ between the first dorsal 

interosseous motor pool and the tibialis anterior motor pool.  

Rationale: The known peripheral properties of the muscular system exhibit 

significant variation depending on the muscle in question, such as its size, shape, and 

pennation angle. We suggest that the behavior of neurons controlling these muscles also 

varies significantly between muscles. 

 

Specific Aim 2  

Observe alterations in neuromotor control of a single motor pool in response 

to varying volitional motor commands. Hypothesis 2A:  Motoneuron excitability 

within the biceps brachii motor pool will remain invariant, despite different volitional 

motor commands (i.e., flexion and supination). Hypothesis 2B:  Intra-muscular coherence 

within the biceps brachii motor pool will differ between flexion and supination motor 

commands.  

Rationale: We propose that modifications in the synaptic input to the motor pool 

may be a more suitable mechanism than changes in the excitability of motor neurons for 

controlling task-specific alterations required in a multi-functional muscle. 
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Specific Aim 3 

Assess the effects of exogenous neuromodulation on the human spinal 

motoneurons. Hypothesis 3A:  Motoneuron excitability will increase after the 

administration of orally ingested caffeine (3mg/kg) during a double-blind randomized 

control trial with inactive-placebo control. Hypothesis 3B:  Intra-muscular coherence will 

decrease after the administration of orally ingested caffeine (3mg/kg) during a double-

blind randomized control trial with inactive-placebo control.  

Rationale: Previous studies have shown that the administration of caffeine leads 

to an increase in the release of epinephrine and serotonin, which we believe will result in 

an increase in the intrinsic excitability of MNs. Moreover, we anticipate that any 

observed behavioral response to caffeine will stem from these intrinsic changes at the 

level of the MN rather than from an increase in the synaptic input to the motor pool from 

other sources, as measured by intra-muscular coherence. 
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CHAPTER 2 

DIFFERENCES IN HUMAN MOTONEURON EXCITABILITY BETWEEN 

FUNCTIONALLY DIVERSE MUSCLES 

Abstract 

Spinal motoneurons (MN) transmit neural commands from the brain to the 

muscles they innervate and, as a result, produce functional movement. However, MNs are 

not simply passive conduits of these command and, instead, actively shape motor output 

through alterations in intrinsic excitability. We hypothesize that the excitability of MNs is 

not fixed across the body; instead, MNs are functionally tuned to the tasks they control. 

Here, we investigate this mapping of MN excitability across motor pools. High-density 

surface electromyography of the tibialis anterior (TA) and first dorsal interosseous (FDI) 

was recorded from four neurologically intact participants while they performed low-level, 

isometric contractions. The data were decomposed into underlying motor unit action 

potentials and paired motor unit analyses were subsequently performed on these spike 

trains to quantify MN excitability (ΔF). 1,638 motor unit spike trains were extracted 

across all contractions. Mann-Whitney U test revealed that all subjects (4/4) had 

significantly higher maximal discharge rates in FDI, 19.13 [17.62 – 20.59] pps, when 

compared to the TA, 13.08 [11.51 – 15.46] pps. All subjects (4/4) had a higher ΔF in the 

TA (4.22 [2.89 – 5.61] pps) than the FDI (3.62 [1.23 – 4.94] pps), with 3/4 reaching 

statistical significance. Our findings suggest that the discharge rate and intrinsic 

excitability of human MNs differs across TA and FDI motor pools during similar 

isometric tasks. These results support the notion that motor pools are functionally tuned 

to their environmental demands.  



25 

Introduction 

Spinal motoneurons (MN) are the conduits for volitional movement in humans, 

communicating motor commands from the brain through the spinal cord to muscle fibers 

(Heckman & Enoka, 2012). The motor system is organized such that a single MN and the 

muscle fibers it controls (i.e., motor unit; MU) represents the smallest functional unit of 

the motor system. Two accepted mechanisms explain the way by which the human 

nervous system controls force output: 1) by recruiting more motor units to contribute to 

the task; 2) by increasing the discharge rate of those motor units already active (Adrian & 

Bronk, 1929; Monster & Chan, 1977). These mechanisms have been well-explored and 

suggest a highly linear, rigidly organized, model for the regulation of motor unit activity 

(Henneman, 1957; Milner-Brown et al., 1973). However, recent evidence (Conway et al., 

1988; Crone et al., 1988; Hounsgaard et al., 1988) has shown that MNs do not simply act 

as a passive follower of the brain, but instead, are regulated by complex intrinsic 

properties that may cause nonlinear changes to motor unit behavior. This active role of 

the MN in the generation of muscle force and ultimately movement is largely 

unaccounted for in our current models of motor control and understanding of pathologies 

of the neuromotor system. 

These intrinsic properties of MNs are regulated via monoamines (i.e., 

norepinephrine and serotonin) released from the brainstem (Perrier, 2005). The released 

monoamines result in intrinsic changes to the excitability of MNs through the activation 

of persistent inward Ca2+ and Na+ currents (PICs) on the soma and proximal dendrites 

(Heckman et al., 2003). The functional consequence of this is to allow the MN to remain 

active even after descending synaptic drive has lessened or ceased (Crone et al., 1988; 

Lee & Heckman, 1996). A classic example of this is a current clamp recording from a 



26 

spinal motoneuron from an animal, which is provided a triangular injection of current and 

hysteresis is observed in the discharge of the neuron (Bennett et al., 1998). That is to say, 

more current is needed to initiate discharge than is needed to maintain repetitive 

discharge – this extra current and resulting hysteresis is provided in large part by the 

activation of PICs. It has been proposed that these channels are more prominent in 

postural muscles, to support the tonic activation of muscles (Wilson et al., 2015).  

Direct observation of transmembrane currents of human MNs is not yet possible. 

But because the neuromuscular junction is a high-fidelity synapse where each MN action 

potential results in an action potential of the associated muscle fibers, we can infer 

underlying cellular process from the discharge of individual motor units (Thompson et 

al., 2018; Wood & Slater, 2001). Further, our utilization of non-invasive, high-density 

surface electromyography (HDsEMG) arrays and decomposition techniques (Negro et al., 

2016) allows us to quantify the concurrent discharge of a large amount (in some cases 

>40) of individual human motor units. Such population measures of human MN 

discharge provides us with a new means to quantify the distribution of human spinal MN 

excitability across motor pools (Gorassini et al., 2002).  

Here, we map the excitability of human spinal MNs within and across motor 

pools in the upper and lower extremity. We hypothesize that the excitability of MNs is 

not fixed across the body, but rather is functionally tuned to the tasks they control. We 

hypothesis that a MN that innervates a key postural muscle of the lower extremity (TA) 

will have greater intrinsic excitability compared to a MN that innervates an intrinsic 

muscle in the hand (FDI). Understanding the diverse repertoire of mechanisms available 

for the central nervous system to control motor output may provide insight for future 
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therapeutic interventions for individuals with neuromotor pathology (El Basiouny et al., 

2010; McPherson et al., 2008; Murray et al., 2010). 

Methods 

Participants. Four individuals (2 females, mean age 26.5 ± 4.98) with no known 

neuromuscular impairments were recruited for this study. All subjects self-reported right 

hand and foot dominance and provided written informed consent prior to participation. 

All procedures were approved by the Institutional Review Board at Temple University. 

Experimental Design. To investigate the behavior of MNs within and across 

motor pools of the upper and lower extremity, two experimental sessions were 

implemented on non-consecutive days. Each experiment consisted of data collection from 

a single muscle. Similar protocols were conducted during both experimental sessions, 

with the muscle being tested first randomly assigned. To quantify the discharge 

characteristics and estimated excitability of individual MNs, we utilized a series of slow 

ramping isometric muscular contractions in which the force output could be slowly 

modulated over time in a consistent manner. During this time, we recorded the MN 

activity with HDsEMG. 

Experimental setup - tibialis anterior (TA). Prior to the experimental session, 

the skin over the dominant-side (i.e., right) tibialis anterior (TA) was shaved, abraded 

with high-grit sandpaper, and cleansed. One 64-channel high-density electrode array 

(8mm inter-electrode distance, 5 columns x 13 rows, ELSCH064NM2; OT 

Bioelettronica; Turin, Italy) was coated with conductive adhesive paste (AC Cream; Spes 

Medica; Genova, Italy) and placed on the skin over the muscle, covering the largest 

portion of the muscle belly, and secured with medical tape (3M Transpore; St. Paul, MN). 
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Specifically, the medial border of the TA HDsEMG array was placed parallel with and 

aligned to the anterior tibial crest, the center of the array was positioned on the largest 

part of the muscle belly approximately in the upper 2/3 of the lower right leg. Participants 

were seated in an isokinetic dynamometer (Biodex; Shirley, NY) and secured with straps 

across the torso and upper leg in a comfortable position of 60-90° hip flexion and 15° 

knee flexion. The ankle was secured to a footplate achieving 15° degrees of 

plantarflexion and affixed to a six degrees of freedom load cell (JR3; Woodland, CA). 

The ankle’s axis of rotation was centered to the load cell in this position (See Figure 2.1). 

Real-time feedback of torque output was provided on a TV monitor positioned directly in 

front of the participant to assist task performance. 

Experimental setup - first dorsal interosseous (FDI). In a similar manner as 

described above, the skin over the dominant-side (i.e., right) first dorsal interosseous 

(FDI) was prepared and one 64-channel high-density electrode array (4mm inter-

electrode distance, GR04MM1305; OT Bioelettronica; Turin, Italy) was placed on the 

skin over the largest portion of the muscle belly, parallel to the muscle fiber direction 

with the distal end of the array extending to the second metacarpophalangeal joint on the 

right hand, and then secured with medical tape. Participants were seated in a comfortable 

position in a chair facing an exam table. Chair height was adjusted such that their arms 

were resting in a neutral position on the exam table (forearm pronated, such that the 

palms were facing down). The tested hand was positioned against a rigid block on the 

exam table with fingers fully extended and thumb abducted 90° away from the index 

finger. This position enabled the participants to exert abduction force with their index 

finger into the rigid block without moving the rest of their hand or fingers. Real-time 
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feedback of FDI EMG was provided on a TV monitor, positioned directly in front of the 

participant, to assist task performance. 

 

 

Figure 2.1. Experimental Setup for TA. A) Laboratory setup during data collection. 
Subject is seated in Biodex facing the feedback display. B) Sagittal view of the ankle 

during data collection for the TA. The axis of rotation of the ankle is lined up with the 
center of the load cell. 

 

 

Experimental protocol. At the beginning of each experimental session, 

participants performed three maximal volitional isometric contractions (MVIC) of the 

tested muscle, waiting at least two minutes between attempts, to establish a baseline of 

performance. For the purpose of EMG decomposition and subsequent motor unit 

analysis, participants were asked to produce a symmetrical time-varying isolated joint 

torque up to a fixed percentage (20%) of their MVIC and at a consistent rate of torque 

development. Participants performed three sets of three isometric contractions for each 

muscle tested. To mitigate the effects of fatigue, 10 seconds of rest between contractions 

and 2 minutes of rest between sets was imposed.  
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Figure 2.2. Raw EMG and MU Spike Trains. Representative data from the TA of one 

individual. A) Surface EMG is collected from 64 channel surface EMG during an 
isometric ramp contraction.  B) Surface EMG recordings are decomposed into their 
corresponding motor unit action potentials; 28 motor units from the TA are shown here. 

 

 

Data Collection. During isometric contractions, HDsEMG data was recorded 

using the OTBioLab software (OT Bioelettronica; Turin, Italy). Torque was baseline 

corrected and filtered using a 20 Hz low pass filter, this signal was used for visual 

feedback of task performance during the TA contractions. A single channel of EMG was 

isolated, amplified, rectified, and smoothed using a ~500 ms root mean square filter, and 

then utilized for visual feedback of task performance during the FDI contractions. EMG 
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was filtered at 20-900 Hz and collected at 2048 Hz using a 16-bit A/D converter (OT 

Bioelettronica; Turin, IT), simultaneously with the torque data.  

Motor unit decomposition and analysis. HDsEMG array recordings were 

decomposed offline into the discharge of individual motor units using a blind source 

separation algorithm (Figure 2.2.; Negro et al., 2016). This algorithm has been 

extensively validated and provides an accurate method for decomposing motor unit spike 

trains (Thompson et al., 2018). For each participant, individual isometric contractions 

were isolated. Thereafter, each spike train was identified and convolved with a 2-second 

hanning window. From these windowed spike times, the maximum discharge rate of each 

MN was calculated  

Measurement of intrinsic motoneuron excitability (ΔF). PICs act to augment 

and prolong the activity of motor units. To estimate the magnitude of these effects, we 

measured the prolonged activity of motor units through the use of slow, symmetrically 

ramping (up to 20% MVIC and back down), isometric muscle contraction. If there were 

no appreciable nonlinear properties of these MNs, the time at which a motor unit was 

recruited and derecruited would be perfectly equal and symmetrical on the up- and down-

slope of the triangular contraction. However, if there are increases in the excitability of 

spinal motoneurons (as such is the case with increased PIC magnitude), motor units 

would have an observable hysteresis, in which a motor unit would remain active long 

after it was expected to de-recruit. Because we are unable to directly assess the synaptic 

input to a motor pool from the nervous system, this paired motor unit technique was 

utilized  (Gorassini et al., 2002). Specifically, the recruitment and derecruitment time of a 

higher threshold unit was found and compared to the estimated synaptic current (i.e., the 
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firing frequency of a lower threshold motor unit).  ΔF is calculated by finding the 

difference in discharge rate of the lower threshold unit between these two time points. In 

instances where ΔF is greater, a larger hysteresis will become observable between the 

time at which a higher threshold unit is recruited and derecruited (see Figure 2.3). To 

limit the amount of erroneous comparisons only pairs that met the following criteria were 

accepted: 1) less than 1 second between the first discharge of the lower threshold unit and 

the first discharge of the higher threshold unit, 2) an increase of at least 0.5 pps in the 

lower threshold unit following the recruitment of the higher threshold unit to ensure a 

lack of saturation, and 3) to ensure common synaptic drive underlying the rate 

modulation of both units, only pairs with a rate-rate r2 value of greater than 0.7 were 

considered suitable pairs (Gorassini et al., 2004).  

 

Figure 2.3. Delta-F Between FDI and TA. Exemplary data from the paired motor unit 

analysis technique for the FDI (left) and TA (right); lower threshold motor units (gray) 
from the same contraction are paired with higher threshold units for analysis (FDI in 
orange; TA in blue). Here, ΔF is greater in the TA (right; 5.0 pps), as such, a larger 

hysteresis is observable, and the higher threshold motor unit remains active for much 
longer when compared to its paired lower threshold motor unit (Pulses per second; pps).  

 

Statistical Analysis. Normality of the data was tested with the Shapiro-Wilk test 

and revealed non-normal distributions for ΔF and maximal firing rate. Thus, Mann-
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Whitney U tests were used to compare the ΔF and maximal firing rate within each subject 

between the TA and FDI. A Bonferroni correction was applied to account for multiple 

comparisons. All statistical analyses were performed using MATLAB 2017b 

(MathWorks, Natick, USA) and significance was accepted at the p value ≤ 0.05. Results 

are reported as median and [first quartile – third quartile].  

Results 

Each of the four subjects completed three sets of three contraction in both the TA 

and FDI for a total of 72 contractions. Figure 2.2 shows an example of a single 

contraction in which the HDsEMG signals are overlaid above the decomposed discharge 

times. The TA contractions were performed at 18.4% [15.8 – 22.1] maximal EMG 

amplitude while FDI contractions were performed at 23.8% [21.1 – 27.7] maximal EMG 

amplitude. From these signals, a significant difference in the number of MUs yielded per 

contraction is observed between the TA (15.5 [12 - 21]) and FDI (5.5 [4 - 7]; p = .006).  

All subjects (4/4) had a significantly higher maximum discharge rates in the FDI than in 

the TA (all p < 0.01). This ranged from a 15.1% to a 67.5% increase in discharge rate of 

the FDI as compared to the TA (Figure 2.4a). 

To conduct the paired motor unit analysis, suitable motor unit pairs in each 

contraction were found (see methods). Figure 2.3 shows an example of the ΔF analysis in 

pairs of motor units from the TA and FDI, note the greater hysteresis in the TA. This 

resulted in a median of 42 [11 - 101] pairs in the TA and 6 [4 - 16] pairs in the FDI per 

contraction. When pooling these values, all subjects (4/4) had a higher ΔF in the TA 

(4.22 [2.89 – 5.61] pps) than FDI (3.62 [1.23 – 4.94] pps), with 3/4 reaching statistical 

significance (Figure 2.4b). 
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Figure 2.4. TA vs FDI Motor Unit Discharge Characteristics. Individual data (subjects 1-
4) for maximal discharge rate (top row, filled boxes) and ΔF (bottom row, empty boxes). 

(*) Represents significant differences between TA (blue) and FDI (orange). 

Discussion 

The discharge patterns and intrinsic excitability of human MNs are different 

across functionally diverse motor pools. These findings indicate that the FDI 

preferentially utilizes higher discharge rates than the TA to achieve the same relative 

level of effort. Furthermore, using the paired motor unit (ΔF) approach, we observe the 

intrinsic excitability of human MNs is higher in the TA than in the FDI. 

Two functionally diverse muscles appear to be controlled in fundamentally 

different ways by the CNS to achieve task dependent outcomes. This evidence supports 

the notion that motor pools are functionally tuned to their environmental demands. While 
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others have observed state-dependent changes in the motor system through 

neuromodulation (Wei et al., 2014), none have yet assessed the baseline organization and 

relative sensitivity of these motor pools (TA and FDI) in humans. Because of the 

nonlinear ways in which PICs can augment motor unit behavior, it may be possible that 

the nervous system may utilize these organizational differences to transform the motor 

command between motor pools, to facilitate complex motor tasks. For example, the TA, 

predominantly a postural control muscle, is utilized constantly for stability and 

locomotion. As such, its MNs may have a biophysical benefit to higher levels of 

excitability (ΔF), this would lower the effective activation threshold of the motor pool to 

assist in repetitive tasks. In contrast, the FDI is almost exclusively utilized for fine control 

in grasping. As such, its MNs may benefit from a reduced level of excitability when 

executing controlled, fine motor tasks, in which prolonged MN activation may increase 

the difficulty of controlling a precise movement.  

In addition to differences in intrinsic MN excitability, during slow time varying 

isometric contractions the FDI preferentially utilizes higher discharge rates than the TA 

to achieve the same relative level of effort. The difference in maximal discharge rates 

could reflect further organizational differences between the TA and FDI. Others have 

reported similar findings in the characteristics and discharge rates of the TA (Connelly et 

al., 1999) and FDI (Seki & Narusawa, 1996). While the absolute size and maximal force 

output of the TA and FDI muscles may greatly vary, the use of a normalized task (20% 

MVIC) acts to diminish these differences and alone are not likely responsible for the 

observed differences. However, relative differences in the amount of MNs (and the 

number of muscle fibers in each motor unit), between these two motor pools could result 



36 

in varying force-generating capabilities (Lawrence & De Luca, 1983) and, as a result, 

require divergent control strategies. The current data is consistent with previous work 

suggesting the FDI uses a rate-modulation (as opposed to recruitment) based strategy for 

increasing force (Seki & Narusawa, 1996). Taken together, the data suggest that distinct 

organizational differences exist between the TA and FDI motor pools. 

It is important to note that consequent to the calculations involved in estimating 

intrinsic MN excitability with the paired motor unit method, the ΔF value cannot exceed 

the peak discharge of the motor pool under observation. Thus, it is possible that the 

observed ΔF findings in the TA were underestimated by their inherently lower discharge 

rates when compared to the FDI (with a higher discharge rate and lower ΔF value). It is 

possible the differences between motor pools may be even larger without this limitation. 

This would be more of a concern if both the peak discharge rate and the ΔF measure 

trended in the same direction, regardless this should be considered in its future use in 

comparing values across motor pools. 

This method of HDsEMG analysis generates an extraordinary amount of data per 

subject (in some cases hundreds of data points, per muscle, per contraction), in which 

important biophysical signals and individual variation may be lost when collapsing the 

data across subjects. Further, within the same subject, the TA and FDI may not have had  

the same number of representative data samples recorded in each motor pool. To address 

this unequal sampling, unpaired tests of statistical inference were chosen to assess 

changes within subjects. Additionally, due to a multitude of reasons including 

subcutaneous fat, anatomical differences, and signal noise, not all subjects yielded similar 

numbers of motor unit spike trains after decomposition. For example, subject 2 (female) 
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yielded a total of 145 motor unit comparisons for the paired motor unit analysis compared 

to subject 4 (male) who yielded 847. Similar sex-related differences in motor unit 

decomposition yield have been previously observed (Taylor et al., 2022). This disparity 

in motor unit comparisons may account for the non-significant increase in TA ΔF in 

subject 2 (see Figure 2.4b). Future efforts should aim to improve motor unit spike train 

yield and to provide further rigor in statistical inference testing with this unique data 

collection method.  

Motor unit decomposition methods in HDsEMG, such as the ones employed in 

this study, present multiple advantages in data collection over the lifespan in populations 

with neuromuscular pathology. Fine-wire EMG, in which a needle is inserted 

percutaneously into the muscle belly to temporarily place metal wires for direct recording 

and electrostimulation, is commonly used for diagnosis and prognosis across a range of 

neuromuscular pathologies, including amyotrophic lateral sclerosis (ALS) and peripheral 

nerve lesions (e.g., obstetric brachial plexus injury). However, the invasiveness of these 

procedures creates discomfort for vulnerable populations, deters patients from serial 

studies, requires trained clinician oversight, and presents analytical limitations (Bashford 

et al., 2020). Instead, noninvasive HDsEMG techniques can be employed, creating 

opportunities for remote testing in outpatient facilities, or even patients’ homes, without 

the resources needed in a hospital or laboratory setting. The noninvasive nature of the 

HDsEMG collection allows for longer recording periods with minimal discomfort and 

often yielding magnitudes more data (Del Vecchio et al., 2020; Farina et al., 2010). 

Furthermore, fine-wire EMG, despite high levels of focal fidelity, cannot provide 

information about the entire motor pool during contractions. As a result, fine-wire EMG 
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is unable to distinguish between individual MN activity and the behavior of the entire 

motor pool. This valuable spatial information is easily gathered utilizing surface 

HDsEMG recordings and can help to discriminate between spontaneous action potentials 

which can be used to assess their various origins, especially important in the ALS 

population (Jahanmiri-Nezhad et al., 2014; Kleine et al., 2012). 

These findings demonstrate a crucial extension of earlier experiments exploring 

the non-linear role of MNs in the animal model (Bennett et al., 1998; Hounsgaard & 

Kiehn, 1989). Future work should aim to replicate the work of fine-wire experiments in 

mapping MN behavior across a variety of tasks (e.g. changes in posture, intensities, and 

varying rest intervals) and motor pools (Enoka, 2019). Mapping PIC activity and 

developing a comprehensive understanding of MN behavior may have important 

implications for the diagnosis, prognosis, and treatment of neuropathologies, including 

ALS, spinal cord injury, and stroke. 
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CHAPTER 3 

THE MOTOR COMMAND TO THE BICEPS BRACHII DURING DIFFERENT 

MODES OF ACTIVATION 

Abstract 

It is unclear how the nervous system regulates the activation of spinal 

motoneurons for muscles with more than one biomechanical function. The biceps brachii, 

with the ability to perform elbow flexion and supination, offers a unique opportunity to 

observe functional changes in the motor unit behavior. Here, we record the discharge of 

588 motoneurons (10 subjects) from the biceps brachii during contractions with two 

different modes of activation, isometric elbow flexion and supination, at similar levels of 

intensity. The results show alpha (5-15Hz) and beta (15-35Hz) band coherence differed 

between supination and flexion (p<0.001). However, motoneuron discharge rate, 

variability, and excitability remained similar across the modes of activation. These data 

show different sources of synaptic drive may regulate the activation of biceps during 

distinct modes of volitional activation, while the excitability of the motor pool remains 

invariant. Changes in synaptic drive suggest the motor command to the biceps motor pool 

may contain information regarding limb movement and kinematics. 
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Introduction 

 Human movement is a result of the graded activation of spinal 

motoneurons, which ultimately integrate motor commands from the nervous system to 

create volitional movement (Duchateau & Enoka, 2011). Spinal alpha motoneurons that 

synapse onto muscle fibers, a motor unit (MU), represent the smallest functional element 

of motor output. Traditionally, it has been thought that MUs are uniformly and 

homogeneously innervated within a motor pool, receiving similar levels of synaptic 

input, and regulated largely by the size of their parent motoneuron (i.e., Size Principle) 

(De Luca & Erim, 1994; Henneman & Mendell, 1981). However, recent evidence for the 

existence of discrete task- and function-dependent behavior of MUs within a motor pool 

complicates these previous notions (de Souza et al., 2017; Herrmann & Flanders, 1998; 

Holtermann et al., 2010; Holtermann & Roeleveld, 2006; Jensen & Westgaard, 1997; 

McMillan & Hannam, 1992; G. M. Murray et al., 1999; Paton & Brown, 1994; 

Staudenmann et al., 2013; Wolf et al., 1993). Further, if MUs within the same motor pool 

do behave differently depending on task performed, it is feasible that these MUs may 

modify their output through multiple mechanisms, especially for muscles that have more 

than one biomechanical function.  

The biceps brachii, a multi-function muscle, acts across the shoulder and elbow to 

perform two discrete actions; elbow flexion and supination of the forearm, despite a 

single point of insertion on the radial tuberosity (Athwal et al., 2007). These qualities, 

along with its ease of access for surface electromyography (EMG), lend the biceps 

brachii to be uniquely suited to the study of function-dependent changes in the neural 

control of motor pools. Others have provided evidence for functionally tuned and task-

dependent behavior of MUs within the biceps brachii (Denier van der Gon et al., 1985; 
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ter Haar Romeny et al., 1984; van Zuylen et al., 1988). The aforementioned studies have 

utilized combinations of fine-wire intramuscular EMG and surface EMG to capture 

motor unit activity during various biomechanical tasks, however, none have attempted to 

simultaneously quantify the synaptic input into the motor pool and the level of 

motoneuron excitability during such tasks; both may be able to alter the neural control of 

motor units within the motor pool.  

Overt changes to the synaptic input to motoneurons is an obvious mechanism 

toward task-dependent MU behavior. However, changes in motoneuron excitability may 

also be partially responsible for modifications in task-dependent MU behavior of the 

same motor pool. Changes in motoneuron excitability are driven through fluctuations in 

monoaminergic drive, facilitating the activation of persistent inward currents (PIC), that 

act to prolong and amplify the synaptic drive to the motoneuron (Hounsgaard et al., 1988; 

Lee & Heckman, 1996). Further, it has been proposed that PICs may fluctuate in 

response to state-dependent and task-dependent behaviors (Heckman et al., 2009; 

Hyngstrom et al., 2007). However, our understanding of the extent to which 

monoaminergic drive, and thus motoneuron excitability, is regulated within a single 

motor pool is limited. The flexibility of this neuro-modulatory system, and its 

involvement in state-dependent modulation of MU behavior, make it a valid candidate to 

investigate its potential to modify motor commands for multi-function muscles. 

While direct observation of spinal motoneurons in humans is not yet possible, our 

approach (Taylor et al., 2022; Thompson et al., 2018), utilizing noninvasive, high-density 

surface electromyography arrays (HDsEMG) and motor unit decomposition techniques 

(Negro et al., 2016), allows us to quantify the concurrent discharge of a large amounts of 
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individual motoneurons. Here, we record the discharge of many motor units from the 

biceps brachii during two modes of activation, elbow flexion and forearm supination, at 

similar levels of intensity. Such an approach allows us to quantify spinal motoneuron 

excitability and discharge characteristics within the biceps brachii. We hypothesize spinal 

motoneuron excitability will remain invariant to changes in the type of functional task 

performed, however, the estimates of common synaptic input will differ between flexion 

and supination of the elbow, within the biceps brachii motor pool. 

Methods 

Participants. Ten neurologically intact individuals (4 females) were recruited for 

this study. All participants gave written informed consent prior to participation. All self-

reported right-hand dominance. All had indicated that they experienced no 

musculoskeletal injuries within the past six months and were free from pain. 

Neurological deficits or prescription medications were criteria for exclusion. All 

procedures were approved by the Institutional Review Board at Temple University 

(Protocol # 23971). 

Experimental Set-up. To quantify motor unit discharge characteristics of the 

biceps brachii during two functionally distinct tasks, we utilized HDsEMG electrode 

arrays. Prior to the experimental session, the skin over the short head of the right biceps 

brachii was shaved, abraded with high-grit sandpaper, and cleansed. One 64-channel 

high-density electrode array (8mm inter-electrode distance, 5 columns x 13 rows, 

ELSCH064NM2; OT Bioelettronica; Turin, Italy) was coated with conductive adhesive 

paste (AC Cream; Spes Medica; Genova, Italy) and placed on the skin over the right  

biceps brachii and secured with medical tape (3M Transpore; St. Paul, MN). Specifically, 



43 

the medial border of the HDsEMG array was aligned vertically in parallel with the medial 

edge of the short head of the biceps and centered vertically to capture the largest portion 

of the muscle belly. Participants were seated in an isokinetic dynamometer (Biodex; 

Shirley, NY) and secured with straps across the torso. The right arm was placed in 90° 

degrees elbow flexion, upper arm abducted 5° degrees, wrist in neutral position, grasping 

a padded handle attached to a custom mounted 6 degrees of freedom load cell (JR3; 

Woodland, CA). A large flat screen TV was mounted directly in front of the participant, 

approximately 5 ft (1.5 m) from the subject, for real-time visual feedback of their 

performance. 

Experimental Protocol. Data for each participant was collected during a single 

experimental session. Participants were asked to perform two different modes of 

activation (i.e., elbow flexion and forearm supination) by manipulating the handle 

attached to the load cell. Real-time visual feedback of torque was provided to the 

participant throughout each trial to guide their effort. Participants performed three 

maximal voluntary isometric contractions (MVIC) for both elbow flexion and forearm 

supination with verbal reinforcement, waiting 2 minutes in between attempts. The 

MVICs were only deemed reliable if the amount of variance in torque between attempts 

was ≤5%. If variance was observed greater than this amount additional MVIC attempts 

were completed until three attempts were within the ≤ 5% range, then the maximum 

value achieved was used to normalize force output.  

 For the purpose of EMG decomposition and subsequent analysis of MU 

discharge characteristics, participants performed two tasks for each mode of activation: 1) 

isometric ramp contractions (RAMP) and 2) isometric steady-state contractions (HOLD). 
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The target intensity for RAMP and HOLD contractions was 20% MVIC. During the 

RAMP contractions, participants were asked to produce a symmetrical rise (10 seconds) 

and fall (10 seconds) of isolated joint torque up to the target intensity (20% MVIC). 

Participants followed real-time feedback to modulate their task performance. Participants 

completed two sets of three repetitions of RAMP contractions with 20 seconds rest 

between repetitions and at least two minutes between sets. During the HOLD 

contractions, participants were asked to steadily increase the isolated joint torque (or 

sEMG) up to the target intensity (20% MVIC) and maintain this contraction for 40 

seconds, receiving real-time visual feedback as described previously. Participants 

completed two HOLD contractions with at least two minutes rest between contractions. 

Trials for mode of activation were pseudo-randomized to mitigate order- and time-

dependent effects.  

Data Collection. Limb segment length was measured for each participant and 

isometric joint torque was calculated using a matrix transform based on the position of 

joint centers relative to the load cell. Torque was baseline corrected and filtered using a 

20 Hz low pass filter. EMG was filtered at 20-900 Hz and collected at 2048 Hz using a 

16-bit A/D converter (OT Bioelettronica; Turin, IT), simultaneously with the torque data.  

EMG Feedback. In instances where joint torques were unable to be calculated, or 

when specific isolation (supination) of a single muscle needed to be encouraged, we 

substituted a version of the EMG signal for the torque to guide the effort of the 

contraction (n=2 subjects). Here a single channel (positioned in the center of the array) 

was chosen to be the feedback signal. The signal was amplified, rectified, baseline 

corrected, and smoothed using a ~400 ms root mean square filter. This provides a line, 



45 

similar to that of the previously described torque feedback, which represents specific 

muscle activation such that the subject can use this real-time EMG feedback to perform 

controlled efforts of a specific muscle group. Target intensity in this method, in lieu of 

force output, was calculated by taking the average EMG amplitude during a 20% torque 

MVIC flexion HOLD task.  

Motor unit decomposition and processing. HDsEMG array recordings were 

decomposed offline into the discharge of individual motor units using a convolutive blind 

source separation algorithm (Negro et al., 2016). This algorithm has been extensively 

validated (Thompson et al., 2018) and provides a robust method for decomposing motor 

unit spike trains. For each spike train, the resulting discharge times were manually 

inspected using semiautomatic software. A semi-automated motor unit cleaning process 

was performed by an experienced investigator, to ensure the accurate detection of each 

spike of each motor unit (Afsharipour et al., 2020; Hassan et al., 2021). All remaining 

motor unit spike trains were identified and incorporated into the subsequent data set for 

further analysis. 

The estimated MN excitability (ΔF), initial (InitDR), maximum (MaxDR), and 

final discharge (FinalDR) rates of MUs at target intensities were calculated during RAMP 

contractions. The mean discharge rate (meanDR), coefficient of variation (CoV) of the 

inter-spike intervals (ISI), and coherence of each motor unit were calculated from the 

motor unit data 2 seconds after the start of and 2 seconds prior to the end of the torque 

plateau from each HOLD contraction, ensuring that only the isolated steady-state firing 

of each motor unit, during stable torque levels, were considered for analysis. 
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Measurement of intrinsic motoneuron excitability (ΔF). To estimate intrinsic 

MN excitability, the paired motor unit technique was utilized (Gorassini et al., 2002a). 

Here, the time at which a higher threshold unit is recruited and derecruited is found and 

normalized to the firing frequency of a low-threshold motor unit (i.e., the estimated 

synaptic current). Under high levels of excitability, the synaptic current needed to reach 

threshold will be lowered and a lower derecruitment threshold will be observed and the 

change in discharge rate (i.e., ΔF) will be calculated (Figure 3.1). To ensure accurate 

representation of PIC amplitude, from ΔF calculations, the following restrictions were 

applied to limit invalid motor unit comparisons: the low threshold (control) unit was 

recruited at least 1 second before the higher threshold unit, and the low threshold unit was 

de-recruited at least 1.5 seconds after the high threshold unit (Hassan et al., 2020).  
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Figure 3.1. Biceps Flexion RAMP and Delta-F. Exemplary data from a single subject 

during a flexion RAMP contraction. Top: 8 unique motor units (grey) along with 
corresponding flexion and supination torque. Middle: a single pair of motor units (dark 

grey) used in Delta-F calculation. Bottom: Histogram of all valid Delta-F comparisons 
for this trial. 

 

 

Measurement of common synaptic input. To estimate the common synaptic 

input to motoneurons, we calculated a pooled coherence (Laine et al., 2015) between all 

unique pairs of simultaneously active motor unit spike trains, within the active motor 

pool. This technique provides a normalized value of the correlation in the frequency of 

synaptic inputs shared between the unique pairs of motoneurons. Here, all valid MUs are 

assessed to ensure sustained repetitive firing throughout the steady-state portion of each 
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HOLD contraction. Units without sustained repetitive firing during this period were 

removed and the remaining individual spike trains were concatenated into two long spike 

trains of consecutive unique pairs.  Coherence was then calculated on the two 

concatenated spike trains in consecutive non-overlapping 1s segments with the cross-

spectra of the two uniquely paired units normalized by the pairings combined auto-

spectra (Laine et al., 2015; Zaback et al., 2022). To compare these coherence measures 

across conditions, coherence values at each frequency were converted to standard Z-

scores, based on the number of segments contained in the concatenated spike trains and 

the area under the curve of these Z-scores were calculated in the following frequency 

bins: Delta band 0-5Hz, Alpha band 5-15Hz, Beta band 15-35Hz. 

Motor unit action potential analysis. Motor unit action potential (MUAP) 

waveforms across the array were calculated by spike-triggered averaging the HDsEMG 

data using the discharge of each motor unit. The peak-to-peak amplitude and median 

frequency content of the waveforms at each electrode were calculated on these 

reconstructed MUAPs. Spatial distribution of MUAPs across the array was calculated by 

identifying the number of channels (out of 64 available), for each MU identified, in 

which MUAP peak-to-peak amplitude exceeded 50% of each MUAPs maximum peak-to-

peak amplitude (Taylor et al., 2022).  

Motor unit tracking. In an attempt to identify and track the same motor units 

across modes of activation, all valid and available motor unit action potential (MUAP) 

waveform profiles, from the single highest MU yield set, within each trial were cross-

correlated with the corresponding trial of the opposite mode of activation (i.e., supination 

HOLD and flexion HOLD). MUAP waveforms across the array were calculated by spike-
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triggered averaging the HDsEMG data using the discharge of each motor unit. 

Normalized cross-correlations higher than 0.85 between MUAPs of two trials were 

considered a match and were given a unique identifier, tracked across the testing session, 

and ultimately utilized in the subsequent motor unit analysis methods. On rare occasions, 

multiple matches with cross-correlation values greater than 0.85 were identified, the 

highest value of cross-correlation source was selected and all other duplicates were 

removed from future analysis. 

 Despite these methods, only 3 MUs (from 2 subjects) during RAMP 

contractions met the criteria for matching MUAP profiles, whereas 54 MUs (from 10 

subjects) were accurately identified during HOLD contractions. The successfully tracked 

MUs (n=54) within HOLD contractions closely resembled the behavior of untracked 

MUs (see Table 3.2); however, due to the requirement of multiple unique MUs for 

accurate paired motor unit analysis (i.e., ΔF), the resultant tracked MU data from RAMP 

contractions were not utilized in the final analysis of this study (see - Discussion). 
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Figure 3.2. HOLD Trial with Coherence Analysis. Exemplary data from a single subject 
during flexion and supination HOLDs. Top: Rectified and filtered sEMG (green) along 

with corresponding flexion and supination torque. The light grey dotted-box represents 
the window within which meanDR, CoV ISI, and Coherence values were captured. 

Middle: All available motor units yielded within each trial (grey). 5 unique motor units 
were accurately tracked and identified within both trials (dark grey). Bottom: Coherence 
analysis results utilizing all available (light) and only tracked motor units (dark). 
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Statistical analysis. All statistical analysis, data manipulation, and visualization 

were performed using MATLAB 2019b (MathWorks, Natick, USA). The normality of 

the data was tested with the Shapiro-Wilk test and revealed normal distributions for MU 

characteristics, torque, and MU yield. A paired t-test was used to compare differences in 

subject characteristics and MU variables between modes of activation. Bonferroni 

corrections were applied, and significance was accepted at the p ≤ value 0.05. Results are 

reported as mean and (± standard deviation) 

 

Table 3.1. Motor Unit and Torque Characteristics 

 Flexion Supination p-value 

MU Yield 6.80 (2.29±) 7.35 (3.35±) 0.55 

Initial DR 5.30 pps (0.91±) 5.59 pps (0.68±) 0.16 

Max DR 16.84 pps (1.28±) 16.72 pps (1.48±) 0.71 

Final DR 4.14 pps (0.99±) 4.12 pps (0.50±) 0.92 

ΔF 3.79 pps (1.01±) 3.84 pps (0.70±) 0.85 

% MVIC Torque 20.08 % (1.32±) 21.09 % (2.95±) 0.28 

Torque CoV 1.54 % (0.37±) 1.73 % (0.21±) 0.20 

sEMG Amplitude 44.46 µV (13.56±) 42.38 µV (10.95±) 0.54 

Mean DR 13.85 pps (1.28±) 14.23 pps (1.65±) 0.30 

CoV ISI 18.04 % (0.97±) 17.42 % (1.87±) 0.42 

Delta Coherence 2.61 (1.13±) 2.64 (1.01±) 0.87 

Alpha Coherence 0.77 (0.27±)  1.30 (0.43±)  <0.001*  

Beta Coherence 0.55 (0.15±)  0.90 (0.25±)  <0.001*  

MUAP Distribution 15.44 % (2.95 ±) 16.72 % (2.8 ±) 0.08 

Mean MUAP p2p Amplitude 218.98 µV (79.66±) 231.95 µV (78.26±) 0.61 

MUAP Median Frequency 114.45 Hz (15.92±) 115.95 Hz (18.23±) 0.46 

Table 3.1. Motor Unit and Torque Characteristics. The data described here is for all valid 

and available motor units, descriptive statistics of tracked motor units can be found below 
(see Table 3.2.). Abbreviations: Motor unit (MU); Motor unit action potential (MUAP); 

Discharge Rate (DR); Maximum volitional isometric contraction (MVIC); Coefficient of 
Variation (CoV); Inter-Spike Interval (ISI); Delta-F (ΔF). Statistically significant (<0.05) 
p-value (*). 
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Results 

Subject Characteristics. Ten subjects (4 females) with a mean age of 24.5 (± 

4.1) and mean estimated body mass index of 26.4 (± 3.6) completed 40 trials (20 RAMP 

and 20 HOLD). A total of 588 motor unit spike trains (284 from HOLDs) were identified 

over the course of the experiment, in the biceps brachii. There were no significant 

differences in MU yield between tasks or modes of activation. During maximal volitional 

attempts subjects produced an average of 47.6 (± 12.69) Nm of torque during flexion and 

5.94 (± 1.86) Nm during supination. Key results are presented in Table 3.1. 

RAMPs. No significant differences were observed between modes of activation 

for ΔF (p=0.85), InitialDR (p=0.16), MaxDR (p=0.71), and FinalDR (p=0.92) during 

RAMP contractions (Figure 3.3).  

Figure 3.3. Delta-F and MaxDR Results. Individual data (dots) from all trials of RAMP 
contractions. Black lines represent mean (horizontal) and standard deviation (vertical). 
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HOLDs. On average, there was no significant difference in relative torque 

(p=0.28), torque CoV (p=0.20), and sEMG amplitude (p=0.54) between modes of 

activation during HOLD contractions. Furthermore, no significant difference between the 

mean discharge rate (p=0.30) and CoV ISI (p=0.42) was observed. However, measures of 

common synaptic input (coherence) did significantly differ between modes of activation 

for the alpha (p<0.001) and beta bandwidths (p<0.001), but not delta bandwidth (p=0.87). 

Figures 3.4 and 3.5 display the individual data between modes of activation and the 

consistency of these measures between trials.  

 

Figure 3.4. Flexion vs Supination Torque Control. Individual means (dots) from all trials 
of HOLD contractions. Black lines represent mean (horizontal) and standard deviation 

(vertical). Open circles represent the opposing torque direction of interest (e.g., within 
flexion trials: solid orange represents flexion torque and blue open circles represent 
supination off-axis torque).   
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Figure 3.5. Flexion vs Supination MU HOLD Results. Individual means (dots) from all 
trials of HOLD contractions. Black lines represent mean (horizontal) and standard 

deviation (vertical). Delta (0-5Hz), Alpha (5-15Hz), and Beta (15-35Hz) band coherence.  
(*) represent a statistically significant (p<0.05) difference between flexion and supination 

conditions. 

 

Tracked MUs (HOLDs). 54 unique MUs were tracked across modes of 

activation. Similar to the un-tracked MU data, no significant difference between mean 

discharge rate (p=0.79) was observed between flexion 13.83 pps (± 1.15) and supination 

13.87 pps (± 1.01). Further, no significant difference between CoV ISI (p=0.66) was 



55 

observed between flexion 17.25 (± 1.30) and supination 16.93 (± 2.17). However, 

measures of common synaptic input (coherence) did significantly differ between modes 

of activation for the alpha (flexion 0.79 (± 0.28), supination 1.16 (± 0.47); p=0.005) and 

beta bandwidths (flexion 1.08 (± 0.41), supination 1.50 (± 0.55); p=0.003), but not delta 

bandwidth (flexion 1.54 (± 0.30), supination 1.51 (± 0.28); p=0.74). Individual subject 

data are presented in Table 3.2. 

MUAP morphology. No significant differences were observed between modes of 

activation for the normalized MUAP distribution across each HDsEMG array (p=0.08), 

mean MUAP peak-to-peak amplitude (p=0.61), and the median MUAP frequency content 

(p=0.46). 

Discussion 

Here, we recorded the discharge characteristics and estimates of synaptic input to 

motor units from the biceps brachii during two modes of activation (flexion and 

supination), at similar levels of intensity. Through the use of HDsEMG and MU 

decomposition algorithms we observed that the MU discharge rate, inter-spike interval 

variability, MUAP morphology, torque variability, and estimated MN excitability (ΔF), 

did not differ between supination and flexion tasks. However, despite homogenous MU 

discharge characteristics between modes of activation, we observed a significant increase 

in coherence during supination within the alpha (5-15Hz) and beta (15-35Hz) 

bandwidths. These data support our hypothesis that the synaptic drive to bicep brachii 

motoneurons may differ during these modes of activation, however, the excitability and 

MU discharge characteristics of the motor pool remains invariant to differential 

functional tasks.  
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Motoneuron discharge characteristics. The biceps brachii, with the ability to 

perform more than one biomechanical function, offers a unique opportunity to observe 

functional changes in the MU behavior. Previous studies investigating task- and function-

dependent behavior of the biceps brachii, and surrounding muscles, have found evidence 

for nonuniform muscle activity  (ter Haar Romeny et al., 1984; van Zuylen et al., 1988) 

and spatial inhomogeneity (Holtermann et al., 2005). More recently, Rudroff and 

colleagues (2010) compared the MU discharge characteristics of the biceps brachii during 

position-controlled (joint angle) contractions and target-force controlled contractions 

during two postures (neutral and supinated). Their findings suggest that MUs initially 

behaved similarly between contraction types (force- and position-control) but were 

significantly modulated over time by changes in posture (supination). Rudroff and 

colleagues propose a potential mechanism of these posture-dependent changes may have 

been the result of alterations in synaptic input to the motor pool, under conditions of 

increased mechanical difficulty associated with supination, rather than changes in 

intrinsic properties of motoneurons (Rudroff et al., 2010). Extending these findings, in 

the current study, we show the underlying MU behavior, estimates of excitability, and 

torque variability to be invariable to changes in task. However, estimates of common 

synaptic input significantly differed between modes of activation. 

The MU discharge rates and ΔF values observed in the present study are consistent 

with previous findings of the biceps brachii, during similar isometric flexion tasks 

(Holobar et al., 2010; Mottram et al., 2009; Wilson et al., 2015). Similarly, the quantity 

of MUs yielded from the biceps brachii, although lower than other motor pools like the 

tibialis anterior, appears to be similar to previous investigations (Holobar et al., 2010; 
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Wilson et al., 2015). While the bicep brachii is a convenient muscle for use in EMG 

experiments, it should be noted that the muscle belly moves a considerable amount (even 

in isometric tasks) relative to the cutaneous position of each electrode on the array. This 

movement, as well as muscle fiber morphology (fusiform), may be reasons for lower MU 

yield when compared to other motor pools.  

Changes in motoneuron excitability, driven by fluctuations in monoaminergic drive, 

may offer the nervous system additional ways to optimize motor control strategies. 

Previous studies have shown motoneuron excitability (and ΔF values) can vary between 

motor pools (Kim et al., 2020; Taylor et al., 2020; Wilson et al., 2015). Further, 

differences in excitability between motor pools may offer functional benefits for motor 

control by altering the synaptic input necessary for specific tasks (Heckman & Enoka, 

2012; Lee & Heckman, 1998). For instance, motor pools used for postural support or 

locomotion, which have higher levels of tonic activity, may benefit from higher levels of 

excitability to aid in their continued use over long periods of time. However, it is not well 

understood if similar alterations in motoneuron excitability are utilized to modify motor 

commands within the same motor pool. Khurram and colleagues (2021) have recently 

investigated task-dependent changes in ΔF values of the tibialis anterior motor pool 

between seated isometric contractions and unconstrained standing contractions. Their 

findings suggest ΔF values do not change across these two tasks. Similarly, the results of 

the current study are congruent with these prior findings and extend this notion to the 

biceps brachii, under two functionally distinct modes of activation.  

Spatial inhomogeneity in MU recruitment and MU activity may also have a role in 

complex motor tasks (Paton & Brown, 1994; Watanabe et al., 2021). Spatially selective 
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sub-sets of MUs may offer an intuitive control strategy for the muscles with more than 

one function. However, in contrast to previous notions of spatial inhomogeneity, the 

current study did not observe differences in MUAP waveform amplitude, frequency 

content, or relative MUAP size across the HDsEMG array, between modes of activation. 

Suggesting a homogenous population of MUs were observed between flexion and 

supination within the current study.  

To further explore the potential of spatial differences in MU behavior, the current 

study also attempted to track unique MUs across trials and modes of activation by 

correlating the spike-trigger averaged MUAP waveform between each trial type (similar 

to Martinez-Valdes et al., 2017) (see Methods – Motor Unit Tracking). However, given 

the restrictive nature of this method, the resultant MU yield was inadequate for the 

analysis of RAMP contractions, specifically recruitment/de-recruitment thresholds and 

ΔF calculations. While successful MU matching attempts were achieved between HOLD 

contractions (54 MUs identified), MU matching between RAMP contractions (3 MU 

identified) proved much more difficult (see Table 3.2). This disparity in yield may reflect 

the difficulties associated with MUAP identification (and MU decomposition yield) 

during RAMP contractions and not necessarily differences between modes of activation. 

Others have suggested MU yield and MUAP tracking may be adversely affected by the 

shorter stable firing duration and changes to the shape of the MUAP during RAMP trials, 

when compared to HOLDs (Del Vecchio et al., 2020). Despite these difficulties, the 

successfully tracked MU data from HOLD contractions closely resembled the un-tracked 

data and no significant differences were observed within the mean MU firing rate or 

variation of the inter-spike intervals between supination and flexion. Taken together, 
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these findings demonstrate a lack of spatial inhomogeneity and invariance of MU firing 

characteristics to differential modes of activation, within the biceps brachii motor pool. 

Differences in coherence. The aforementioned findings suggest that the motor unit 

firing behavior and the intrinsic excitability of MNs remain invariable across modes of 

activation. However, the observed differences in coherence between these tasks suggest 

that the synaptic input received varies between modes of activation. Furthermore, this 

may suggest the synaptic input during different modes of activation contains task-

specific, kinematic, information required for motor control of a multi-function muscle 

(Georgopoulos et al., 1982, 1986). Others have characterized changes within intra- and 

intermuscular EMG coherence of the beta band are driven by the motor cortex and may 

be task-dependent (Baker et al., 1997; Kilner et al., 1999; Wang et al., 2020; Yang et al., 

2009), whereas alpha band changes may represent changes in multimodal input from 

various cortical and spinal sources (McAuley & Marsden, 2000; McKiernan et al., 2000).  

Changes in alpha and beta band coherence may indicate altered synaptic input, 

however, similar changes in lower frequency bands (delta band) of coherence did not 

exist between modes of activation. Others have referred to these lower frequencies as 

common drive (De Luca & Erim, 1994) or the common synaptic input to the motor pool 

which may be more directly related to the control of voluntary force output (Castronovo 

et al., 2015; Farina & Negro, 2015). Although the absolute torque generated greatly 

varied between conditions, each task was performed at similar relative intensities with 

similar torque variability, which may explain why no differences were observed in delta 

band coherence.  
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Hug and colleagues (2021) recently provided evidence for a divergent control 

strategy across muscles within the same functional group, using similar methods as the 

current study. They observed task-dependent changes in coherence across muscles of the 

triceps surae (i.e., soleus, medial and lateral gastrocnemius) during plantarflexion tasks 

with changes in posture. Suggesting that, despite anatomical and biomechanical 

similarities, the muscles of this group received differential amounts of common input 

(Hug et al., 2021). The current study did not quantify changes within surrounding motor 

pools that may have influence on joint mechanics, such as antagonists and synergists, so 

it is not possible to infer if the changes in synaptic input are shared across functional 

movement synergies. Further it may be possible, the observed changes in coherence are a 

result of alterations in higher-level movement synergies between muscles. Nonetheless, 

the observation of function-dependent intra-muscular alterations in coherence, may 

support a motor control framework that emphasizes modular control and the flexibility of 

input to motoneurons (Hug et al., 2023). 

Limitations. Some limitations of the current study include the lack of varying 

contraction types and MVIC intensities. Additionally, future studies should record MU 

behavior from antagonistic and synergistic muscles, to aid in quantifying the motor 

command of multi-function muscles. Lastly, during flexion tasks, a slight pronation 

torque was observed. Subjects were not given visual feedback of this secondary (off-axis) 

torque however, specific verbal instructions were provided at the start of the experiment, 

to emphasize joint action only in the primary direction for each task. We do not believe 

this finding alters the overall interpretation of the results as this finding was consistent 
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within all subjects across the experiment and likely reflects biomechanical constraints 

and preferences of the elbow joint during flexion.  

Conclusion 

To our knowledge, we are the first to utilize HDsEMG and decomposition 

techniques to investigate changes in the task- and function-dependent behavior of MUs 

within the biceps brachii motor pool. Here, we observed significantly greater 

intramuscular coherence, during supination, within the alpha (5-15Hz) and beta bands 

(15-35Hz). These data suggest different sources of synaptic drive may regulate the 

activation of biceps during distinct modes of volitional activation, while the excitability 

and MU discharge characteristics of the motor pool remains invariant. These alterations 

in common synaptic drive, between tasks, suggest the motor command to the biceps 

motor pool may contain essential information regarding the limb movement.  
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Table 3.2. Tracked Motor Unit Characteristics During HOLDs 

  Flexion Supination 
Subject MU MeanDR Delta Alpha Beta MeanDR Delta Alpha Beta 

1 5 
13.84 pps 

(1.16±) 
1.54 0.49 0.91 

14.14 pps 
(1.43±) 

1.39 0.76 1.24 

2 3 
14.23 pps 

(1.25±) 
1.92 0.74 0.99 

14.53 pps 
(0.95±) 

1.90 0.68 1.23 

3 2 
15.11 pps 

(1.37±) 
1.32 0.90 1.73 

15.34 pps 
(1.53±) 

1.05 1.58 2.39 

4 4 
14.11 pps 

(1.48±) 
1.33 0.68 0.80 

13.61 pps 
(0.97±) 

1.45 1.15 1.32 

5 7 
12.91 pps 

(1.37±) 
1.70 0.69 0.81 

13.14 pps 
(1.07±) 

1.83 0.64 1.32 

6 5 
15.71 pps 

(1.17±) 
1.88 1.09 0.79 

14.65 pps 
(1.35±) 

1.87 2.05 1.75 

7 3 
12.74 pps 

(1.54±) 
1.87 1.15 1.88 

12.45 pps 
(1.34±) 

1.64 1.44 2.00 

8 6 
14.02 pps 

(1.41±) 
1.29 1.05 0.83 

13.91 pps 
(1.25±) 

1.34 1.47 1.07 

9 8 
13.94 pps 

(1.92±) 
1.11 0.27 0.81 

14.72 pps 
(2.18±) 

1.30 0.83 0.89 

10 3 
11.71 pps 

(1.61±) 
1.49 0.82 1.17 

12.30 pps 
(2.00±) 

1.37 1.02 2.21 

Table 3.2. Tracked Motor Unit Characteristics During HOLDs. Descriptive statistics of 

46 MUs tracked across both modes of activation from each subject. Abbreviations: 

Tracked Motor units (MU); pulses per second (pps).   
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CHAPTER 4 

THE EFFECTS OF CAFFEINE ON HUMAN SPINAL MOTONEURONS 

Abstract 

Human spinal motoneurons are partially governed by the activation of persistent inward 

currents that contribute to changes in excitability and elicit lingering effects on the output 

of motoneurons. Persistent inward currents are regulated by monoamines, such as 

serotonin. Caffeine, one of the world’s most popular performance-enhancing 

supplements, elicits its ergogenic benefits through stimulating the volumetric release of 

monoamines. However, little is known on how caffeine may directly affect motoneuron 

excitability and discharge characteristics. We utilized a double-blind, inactive placebo-

controlled, crossover study design (clinical trial: NCT04891393) to examine the effects 

of caffeine (3 mg/kg) on motoneuron excitability and discharge characteristics. Utilizing 

high-density electromyography from the right tibialis anterior (TA) and soleus (SOL) 

muscles of 20 neurotypical adults, we decomposed and tracked 1,452 concurrently active 

motoneurons during sub-maximal (20%) isometric contractions of the ankle. In the 

caffeine group, we observed significant changes in mean arterial pressure and heart rate 

after the consumption of caffeine. Utilizing linear mixed effects models, we observed 

significant interactions, within the caffeine group, over time, within the TA motor pool 

for changes in estimated motoneuron excitability, discharge rate, and the variability of 

inter-spike intervals. However, similar changes within the SOL or placebo groups were 

not observed. These findings suggest that caffeine differentially affects the discharge 

characteristics of the TA motoneurons through an increase in excitability and rate coding. 
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Introduction 

Caffeine is one of the world’s most popular, and readily available, psychoactive drug 

(Graham, 2001). Recent national surveys have indicated that 89% of Americans consume 

caffeine, with average daily users typically consuming two cups of coffee per day (211 

mg of caffeine/day) (Fulgoni et al., 2015). Owing to its widespread use and low toxicity 

(Kaplan et al., 1997; Nawrot et al., 2003), caffeine has garnered increased attention in the 

fields of human kinesiology and psychology with a plethora of studies demonstrating its 

ergogenic potential. For example, at typical doses (i.e., 2–10 mg/kg), caffeine has been 

shown to improve cognitive ability (Ruxton, 2008), short-term memory (Bättig & Buzzi, 

1986), physical endurance (Doherty et al., 2004; Doherty & Smith, 2005; Warren et al., 

2010), muscular strength (Goldstein et al., 2010; Grgic et al., 2018), and exercise 

tolerance (Meyers & Cafarelli, 2005). While the effects of caffeine on performance-

related outcomes are well-documented, there remains ambiguity regarding the complete 

impact of its pharmacodynamics, particularly its effects on human spinal motoneurons.  

At typical doses, caffeine acts as a stimulant. Caffeine achieves these effects by 

acting as a competitive antagonist to adenosine, which elicits its benefits for wakefulness 

and alertness (Fisone et al., 2004).  Additionally, caffeine can evoke the release of 

excitatory monoaminergic neurotransmitters, including norepinephrine and serotonin 

(Berkowitz & Spector, 1971). These monoaminergic neurotransmitters are of particular 

interest as they can modulate motoneuron excitability through the activation of persistent 

inward currents (PIC) in spinal motoneurons, which aid in the amplification and 

prolongation of synaptic input to the motoneuron (Bennett et al., 1998; Hounsgaard et al., 

1988; Hounsgaard & Kiehn, 1989; Lee & Heckman, 1996). The extent to which PICs can 

be modified exogenously through caffeine consumption in humans is unknown. One 
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recent study has shown that the use of amphetamine (a drug with a similar, albeit more 

powerful, mechanism of action) can increase motoneuron excitability in humans (Udina 

et al., 2010). Others have shown that orally administered caffeine increases the 

probability of evoking self-sustained discharge of motor units, a known phenomenon of 

PICs and increased excitability (Walton et al., 2002). While caffeine remains one of the 

most researched psychoactive drugs openly available to consumers, its effects at the level 

of the human motoneuron is unclear. Its ubiquitous nature and wide acceptance in 

exercise and sport science make it imperative to fully understand its effects on the human 

neuromotor system. 

We aim to utilize a double-blind, inactive placebo-controlled, crossover study 

design to examine the effects of caffeine on motoneuron excitability and discharge 

characteristics. Using decomposition software and non-invasive, high-density surface 

electromyography (HDsEMG), we can concurrently track dozens of motoneurons and 

observe changes in their firing characteristics over time (Negro et al., 2016). We will 

utilize a paired-motor unit analysis technique to quantify estimated motoneuron 

excitability (Gorassini et al., 2002a). We hypothesize the ingestion of a 3mg/kg dose of 

caffeine will increase estimated motoneuron excitability within the tibialis anterior and 

soleus motor pools. 

Methods 

Participants. Twenty human subjects (10 females, mean age 27.4 ± 5.0 years; 

mean BMI 23.2 ± 2.2) were recruited from the university student and faculty population. 

Participants reported no known neuromuscular impairments, no known cardiovascular 

pathology (e.g., hypertension, cardiac arrhythmias), no use of medications with known 
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effects on spinal motoneuron excitability (e.g., stimulants, selective serotonin reuptake 

inhibitors), and reported no aversions or allergies to coffee or caffeine. All procedures 

were approved by the Institutional Review Board at Temple University (Protocol # 

26014). All subjects provided written informed consent prior to participation. 

Protocol. This study design was pre-registered on clinicaltrials.org 

(NCT04891393) on May 11th, 2021. Participants and experimenters were blinded to the 

intervention. An outside researcher not involved in the creation, analysis, or design of the 

current study, created a randomized blinding matrix containing participant ID number 

and intervention type, which was stored in a locked file cabinet. This outside researcher 

measured the caffeine (and placebo) intervention utilizing a commercially available food 

scale and the intervention was served in individualized microwave-safe cups, labeled 

with participant ID numbers, for each participant. Experimenters remained blinded to the 

intervention until all primary data collection, motor unit cleaning, and data-processing 

steps were completed. 

This study utilized oral administration of commercially available instant coffee 

for human use. A 3 mg/kg dose of caffeine (Starbucks VIA Instant Dark Roast Coffee) 

was administered as the caffeine intervention (CAF). An equal weight of Starbucks VIA 

Instant Decaffeinated Dark Roast Coffee was administered as an inactive-placebo 

intervention (DE). The DE intervention may have trace amounts of caffeine (up to 5 

mg/serving), however, previous studies have shown that ultra-low doses of caffeine 

found in decaffeinated coffee (< 20 mg) do not elicit clinically significant changes in 

physiology (i.e., changes in systolic or diastolic blood pressure > 2 mmHg or changes in 
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heart rate > 2 bpm) (Ammon et al., 1983; van Dusseldorp et al., 1989). Both coffee 

interventions were served with water heated to around 140° F. 

 
Figure 4.1. Experimental Design. Double-blind, inactive placebo-controlled, crossover 

study design. Subjects were randomly assigned to perform this experiment under either 
CAF or DE condition, completing it a second time under the opposite condition. Each 
testing block was completed in both dorsiflexion and plantarflexion directions.  

 

Testing sessions. Each participant attended one pre-screening session prior to 

enrollment in the intervention arm. This was used to screen participants for 

inclusion/exclusion criteria, provide informed consent to the study, complete a validated 

caffeine consumption questionnaire (Bühler et al., 2014), familiarize the participant with 

the testing apparatus, and to confirm that adequate EMG signal analysis could be 

performed. Pre-screening and all testing sessions were separated by at least 48 hours to 

mitigate the effects of fatigue. All sessions were collected within 10 days of the pre-

screening session. Participants were randomly assigned to receive either CAF or DE 

interventions during the subsequent testing sessions. Participants received the opposite 
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intervention on subsequent sessions (i.e., if a subject received CAF on testing session #1, 

they received DE on testing session #2). 

Testing session #1 was performed on a non-consecutive day following the pre-

screening session. Participants completed a total of 4 blocks of testing (see Figure 4.1), 

consisting of a pre-test, 30 minute post-test, 60 minute post-test, and 90 minute post-test 

blocks. A single dose of the intervention was administered to the participant after block 1 

and 30-minutes prior to block 2. A registered nurse assessed heart rate (HR) and blood 

pressure of the participant before the start of each testing block with a non-invasive, 

commercially available electronic-blood pressure cuff (Omron Healthcare, Lake Forest, 

IL). Mean arterial pressure (MAP) was calculated from systolic and diastolic values. 

The protocol for testing session #2 was identical to the previous testing session, 

except the alternative intervention was administered.  

Experimental set-up. Prior to each experimental session, the skin over the right 

tibialis anterior (TA) and right soleus (SOL) was shaved, abraded with high-grit 

sandpaper, and cleansed with water. One 64-channel high-density electrode array (8mm 

inter-electrode distance, 5 columns x 13 rows, ELSCH064NM2; OT Bioelettronica; 

Turin, Italy) was coated with conductive adhesive paste (AC Cream; Spes Medica; 

Genova, Italy) and placed on the skin over the muscle and secured with medical tape (3M 

Transpore; St. Paul, MN). Specifically, the medial border of the TA HDsEMG array was 

placed parallel with and aligned to the anterior tibial crest, the center of the array was 

positioned on the largest part of the muscle belly approximately in the upper 2/3 of the 

lower right leg. The SOL HDsEMG array was placed on the right leg, medial to the 

Achilles tendon and distal to the gastrocnemius. Participants were seated in an isokinetic 
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dynamometer (Biodex; Shirley, NY) and secured with straps across the torso and thigh in 

a comfortable position of 60-90° hip flexion and 15° knee flexion. The ankle was secured 

to a footplate achieving 15° degrees of plantarflexion and affixed to a six degrees of 

freedom load cell (JR3; Woodland, CA). The ankle’s axis of rotation was centered to the 

load cell in this position. Real-time feedback of torque output was provided on a large 

format monitor positioned directly in front of the participant, approximately 5 ft (1.5 m) 

from the subject, to assist task performance. 

Isolated joint contractions. Prior to each testing session, participants performed 

three maximal volitional isometric contractions (MVIC) in each direction (dorsiflexion 

and plantarflexion) to establish the participants maximum effort. Strong verbal 

encouragement was provided by the experimenter during each attempt. Each MVIC 

consisted of a 3s increase to maximum, a 3s sustained maximal, and a 3s decrease to rest. 

Each MVIC was separated by at least two minutes of rest.  

For the purpose of EMG decomposition and subsequent motor unit analysis, a 

series of submaximal isometric contractions were utilized, in which the force output 

could be controlled, to ensure relatively similar levels of effort were achieved between 

groups and within-subjects. During this time, MN activity was recorded with HDsEMG. 

For this protocol two types of contractions were performed. The first, a symmetrical 

isolated joint torque up to 20% MVIC, conducted at a consistent rate of torque 

development (10s up and 10s down) (RAMP). During each testing block participants 

completed two sets of three repetitions of 20% RAMP contractions, 10 seconds between 

each repetition and two minutes between sets was observed to mitigate the effects of 

fatigue. The second type of contraction, an isolated joint torque at a fixed percentage, was 
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performed at two intensities (10% and 20%) of MVIC (HOLD). Each type of HOLD 

contraction was held for a duration of 40 seconds at the target percentage of MVIC. 

Participants completed two sets of HOLD contractions, the first at 10% MVIC and the 

second at 20% MVIC with two minutes rest between each contraction.  

Data collection. During isolated joint contractions, differential HDsEMG data 

was recorded using the OTBioLab software (OT Bioelettronica; Turin, Italy). Torque was 

baseline corrected and filtered using a 20 Hz low pass filter, and this signal was used for 

visual feedback of task performance. EMG was amplified at 150x, filtered at 20-900 Hz, 

and collected at 2048 Hz using a 16-bit A/D converter (Quattrocento, OT Bioelettronica; 

Turin, Italy), simultaneously with the torque data. 

Motor unit decomposition and processing. All monopolar channels of the 

HDsEMG array recordings were individually inspected offline and isolated for 

subsequent processing. The selected HDsEMG array channels were then decomposed 

into the discharge of individual motor units using a convolutive blind  source separation 

algorithm (Negro et al., 2016). This algorithm has been extensively validated and 

provides an accurate method for decomposing motor unit spike trains (Thompson et al., 

2018). A semi-automated motor unit cleaning process was performed by an experienced 

investigator, who remained blinded to intervention type, to ensure the accurate detection 

of each spike of each motor unit, similar to previous reports (Afsharipour et al., 2020; 

Hassan et al., 2021; Taylor et al., 2022). All remaining motor unit spike trains were 

identified and incorporated into the subsequent data set for further analysis.  

The mean discharge rate (DR) and coefficient of variation (CoV) of the inter-spike 

intervals (ISI) of each motor unit were calculated from the motor unit data 2 seconds after 
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the start of and 2 seconds prior to the end of the torque plateau from each HOLD 

contraction (ensuring that only the isolated steady-state firing of each motor unit, during 

stable torque levels, were considered for analysis). Recruitment thresholds for each motor 

unit were defined as the torque (% of MVIC) at which each motor unit’s first identified 

spike occurred during RAMP contractions.  

Motor unit tracking. In order to identify and track the same motor units across 

the entire testing session, all valid and available motor unit action potential (MUAP) 

waveform profiles within each subjects’ block were cross-correlated with each other in a 

“daisy-chain” manner (i.e., comparing the MUAPs in block one to block two, then block 

two to block three, and block three to block four). Motor unit action potential (MUAP) 

waveforms across the array were calculated by spike-triggered averaging the HDsEMG 

data using the discharge of each motor unit. Normalized cross-correlations higher than 

0.85 between MUAPs of two blocks were considered a match and were given a unique 

identifier, tracked longitudinally across subsequent blocks, and ultimately utilized in the 

future motor unit analysis methods. Motor unit tracking was only done within the same 

type of contraction (e.g., the motor units identified in the 10% HOLD were not explicitly 

tracked within 20% HOLD trials). On rare occasions, multiple matches with cross-

correlation values greater than 0.85 were identified, the highest value of cross-correlation 

source was selected, and all other duplicates were removed from future analysis. 

Delta-F (ΔF). To estimate the effect of persistent inward current (PIC) activity, 

and as a measure of MN excitability, the paired motor unit technique was utilized 

(Gorassini et al., 2002a). In this approach, the time at which a higher threshold unit is 

recruited and derecruited is found and normalized to the firing frequency of a low-
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threshold motor unit (i.e., the estimated synaptic current). Under high levels of PIC 

activity, the synaptic current needed to reach threshold will be lowered and a lower 

derecruitment threshold will be observed and the change in discharge rate (i.e., ΔF) will 

be calculated.  

At each timepoint a single RAMP set with the highest motor unit yield was 

chosen for ΔF calculations, and subsequent motor unit tracking. Further, to mitigate time- 

and repetition-dependent effects on ΔF calculations, only the first RAMP contraction of 

these high-yield sets was utilized in subsequent analysis. To ensure accurate 

representation of PIC amplitude, from ΔF calculations, the following restrictions were 

applied to limit invalid motor unit comparisons: the low threshold (control) unit was 

recruited at least 1 second before the higher threshold unit, and the low threshold unit was 

de-recruited at least 1.5 seconds after the high threshold unit (Hassan et al., 2020). 
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Figure 4.2. Paired Motor Unit Analysis of Tracked MUs. All data is from a single 

subject, within the CAF condition. The left pane is from PRE time point and the right 
pane is from data collection 30 minutes after the ingestion of 3mg/kg caffeine. Top: 
Torque (black line) and tracked motor units (grey) during a single RAMP contraction.  

Middle: a select pair of unique motor units (green as test unit; orange as control unit) 
utilized for one Delta-F calculation in each condition. Bottom: Histogram of all 

comparisons of tracked motor unit Delta-F. The mean and standard deviation of each 
time point are displayed in text, above the histogram. 
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Coherence. To estimate the common synaptic input to motoneurons, we 

calculated a pooled coherence (Laine et al., 2015) between all unique pairs of 

simultaneously active motor unit spike trains, within the active motor pool. This 

technique provides a normalized value of the correlation in the frequency of synaptic 

inputs shared between the unique pairs of motoneurons. Here, all valid motor units from 

the motor pool of interest are assessed to ensure sustained repetitive firing throughout the 

steady-state portion of each HOLD contraction. Units without sustained repetitive firing 

during this period were removed and the remaining individual spike trains were 

concatenated into two long spike trains of consecutive unique pairs.  Coherence was then 

calculated on the two concatenated spike trains in consecutive non-overlapping 1s 

segments with the cross-spectra of the two uniquely paired units normalized by the 

pairings combined auto-spectra (Halliday et al., 1995, 1999; Laine et al., 2015; Zaback et 

al., 2022). To compare these coherence measures across conditions, coherence values at 

each frequency were converted to standard Z-scores, based on the number of segments 

contained in the concatenated spike trains, and the area under the curve was calculated in 

the following frequency bins: Delta band (0-5 Hz), Alpha band (5-15 Hz), Beta band (15-

35 Hz). 

Statistical analysis. The linear mixed effects models (LMEM) were constructed 

and analyzed with R v4.2.2 (R Core Team, 2012), all other statistical analysis, data 

manipulation, and visualization were performed using MATLAB 2019b (MathWorks, 

Natick, USA), and significance was accepted at the p ≤ value 0.05. Descriptive statistics 

are reported as mean (± standard deviation) or estimated margin mean and [standard 

error].  
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Trial based outcome measures such as: MAP, HR, and torque at 100% MVICs 

were assessed for changes over time utilizing a repeated measures analysis of variance 

(RM-ANOVA), including 2 factors (CAF vs DE) (ranova; MATLAB 2019b). Results are 

reported as (F(dftime, dferror) = F-value, p = p-value). If significant interactions were 

found, a post-hoc Tukey’s test was used to assess the relationship between variables of 

interest (multcompar; MATLAB 2019b).  

Due to the heterogeneity within the tracked motoneuron variables, LMEM were 

used to analyze these data. This technique ensures appropriate weighting of data from 

each subject despite the variable amount of motor units contributed for each trial. We 

utilized lme4 (Bates et al., 2015) to perform a LMEM analysis of the relationship 

between motor unit variables of interest (e.g., ΔF, MaxDR) and the fixed effects of 

Condition (CAF vs DE), Time (pre, post-30’, post-60’, post-90’), Muscle (TA vs Sol) and 

their interactions, with random effect of unique motor unit nested within Subject, random 

intercepts were created for each subject for the effect of condition type 

(1|Subject/UniqueMotorUnit). For the LMEM variables that rely on by-trial calculations, 

and not by-motor-unit (e.g., Coherence), unique motor unit was removed from the nested 

random effect. Visual inspection of residual diagnostic plots for each model did not 

reveal any obvious deviations from homoscedasticity or normality. Main effects of 

LMEM are reported as X2 = chi-square, p = statistical significance. Group estimated 

marginal means were computed with emmeans (Lenth et al., 2023). To assess statistical 

significance and pairwise comparisons across time, p-values were obtained by applying 

Satterthwaite’s method for degrees of freedom (ImerTest R package; Kuznetsova et al., 

2017). Bonferroni correction method was utilized for multiple comparisons. Effect size 



76 

(Cohen’s d) was calculated to determine the standardized magnitude of the effect of 

condition type from the estimated means.  

Results 

In total 4,638 data points (837 from RAMP and 3,801 from HOLD contractions) 

from 1,452 tracked motor units, across 4 time points, were utilized for the LMEM 

analysis (see Tables 2-5 for details). One subject (caffeine naïve) failed to complete the 

last 90-minute post-CAF assessment due to muscle cramping and restlessness, resulting 

in missing motor unit data for that time point. A small number of baseline trials 

(n=6/120) failed to yield any valid, trackable, motor units via decomposition from either 

condition. The majority of these (5/6) were from SOL RAMP contractions. In lieu of 

motor unit data from these instances, the remaining data (e.g., Torque, MAP, HR, etc.) 

from these trials were utilized in subsequent analysis.  

Baseline differences in motor unit discharge rate variables between motor pools 

(TA vs SOL) were present and estimates are provided in Tables 2-5, however, 

elucidating these muscle-dependent differences in baseline motor unit behavior extends 

beyond the intended purpose of this study. For reference, these muscle-dependent 

differences are well-documented elsewhere (Connelly et al., 1999; Kallio et al., 2013). 

For brevity, significant by-Muscle interactions are not reported below, as the main 

purpose of the study was to investigate the Condition*Time and Condition*Time*Muscle 

interactions within each group. 

Cardiovascular physiology. A RM-ANOVA revealed a statistically significant 

effect of Condition*Time interaction in MAP (F(3, 114) = 12.69, p < 0.001) with 

significant differences observed between groups at post-30’ (p = 0.01), post-60’ (p = 
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0.01), and post-90’( p < 0.001). Additionally, there was also a statistically significant 

effect of Condition*Time interaction on HR (F(3, 114) = 7.02, p < 0.001), significant 

differences were observed between groups at post-30’ (p < 0.05) (Figure 4.3). 

Figure 4.3. Cardiovascular Response to Caffeine. Dots represent individual subject data, 
from both CAF and DE conditions, across the experiment. (*) Represent statistically 

significant (p<0.05) differences between PRE- and select time point. 

 

MVIC and torque characteristics. Maximum volitional isometric contractions 

(100% MVIC), completed before the start of each testing block, did not significantly 

differ between conditions over the course of the experiment for TA (F(3, 114) = 0.66, p = 

0.58) or SOL (F(3, 114) = 0.66, p = 0.66) (see Table 1). This finding suggests 100% 

MVIC levels remained stable, for both conditions, throughout the experiment (See 

Appendix D). The percentage of MVIC (relative intensity) at the peak of RAMP 

contractions did not significantly differ between conditions over the course of the 

experiment for TA (F(3, 108) = 0.81, p = 0.48) or SOL (F(3, 108) = 0.40, p = 0.75). 

Similarly, the average percentage of MVIC (relative intensity) during the steady-state 
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portion of HOLD contractions did not significantly differ between conditions over the 

course of the experiment for 20% MVIC TA (F(3, 108) = 1.69, p = 0.17), 20% MVIC 

SOL (F(3, 108) = 0.14, p = 0.93),10% MVIC TA (F(3, 108) = 0.86, p = 0.46), 10% 

MVIC SOL (F(3, 108) = 0.29, p = 0.84).  

The CoV of torque during the steady-state portion of HOLD contractions did not 

significantly differ between conditions over the course of the experiment for 20% MVIC 

TA (F(3, 108) = 1.0, p = 0.35), 20% MVIC SOL (F(3, 108) = 0.39, p = 0.75), 10% 

MVIC TA (F(3, 108) = 0.90, p = 0.44), 10% MVIC SOL (F(3, 108) = 0.76, p = 0.51).  

These findings suggest neither maximum strength, relative trial intensity, nor torque 

variability changed as an effect of condition type or fatigue. 

Motor unit RAMP variables. During 20% MVIC RAMP contractions, 201 

unique motor units were initially tracked within the TA motor pool and 69 were tracked 

within SOL. A significant interaction between ΔF and Condition*Time*Muscle (X2 = 

18.9, p < 0.001) was observed. Estimated marginal means are displayed in Table 2, with 

a moderate-large effect size within the TA (d=0.40-1.23; between baseline and significant 

time points), indicating an increase in ΔF within the TA. This effect was not statistically 

significant within the SOL. 

A significant interaction between MaxDR and Condition*Time (X2 = 14.45, p = 

0.002) was observed. Estimated marginal means are displayed in Table 2, with a 

moderate-large effect size within the TA (d=0.39-1.11; between baseline and significant 

time points), indicating an increase in MaxDR within the TA. This effect was not 

statistically significant within the SOL.  
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Across both muscles, no significant interaction was found between 

Condition*Time and Initial DR (X2 = 1.96, p = 0.59), Final DR (X2 = 2.02, p = 0.57), 

Recruitment (X2 = 4.34, p = 0.22), and De-Recruitment Thresholds (X2 = 2.14, p = 0.54).  
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Figure 4.4. Tracked MU Discharge Characteristics – RAMPs. Left: Line plots of Delta-F 

over time, between TA and SOL motor pools. Each line represents the change observed 
within each unique MU. Right: Bee-swarm plots of all tracked MUs within each 

condition. Black lines represent mean (horizontal) and standard deviation (vertical) of 
each group. (*) Represent statistically significant (p<0.05) differences between PRE- and 
select time point as a result of LMEM marginal means contrast comparisons. 
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Motor unit HOLD variables. During 20% HOLDs, 489 unique motor units were 

initially tracked within the TA and 152 were tracked within the SOL motor pool. During 

10% HOLDs, 376 unique motor units were initially tracked within the TA and 165 were 

tracked within the SOL motor pool (See Figure 4.5).  

A significant interaction between Mean DR and Condition*Time*Muscle was 

observed within 20% (X2 = 11.50, p = 0.009) and 10% (X2 = 28.58, p < 0.001) MVIC 

HOLD contractions. Estimated marginal means are displayed in Table 3, with a large 

effect size within the TA (d=0.69-0.94; between baseline and significant time points), 

indicating an increase in mean DR within the TA. This effect was not statistically 

significant within the SOL (Table 5). 

A significant interaction between CoV ISI and Condition*Time*Muscle was 

observed within 20% MVIC HOLD contractions (X2 = 8.62, p = 0.035). Estimated 

marginal means are displayed in Table 3, with a moderate effect size within the TA 

(d=0.62), between time point 1 and time point 2, indicating an increase in CoV ISI within 

the TA. This effect was not statistically significant within the SOL or 10% TA HOLDs 

(Table 5).  

No significant interaction was found between Condition*Time and the delta-band 

coherence at 20% MVIC (X2 = 1.76 , p =0.62 ) and 10% MVIC  (X2 = 3.10 , p = 0.36); 

alpha-band coherence at 20% MVIC (X2 = 1.12 , p = 0.77) and 10% MVIC  (X2 = 0.34, p 

= 0.95); or beta-band coherence 20% MVIC (X2 = 2.26 , p = 0.52) and 10% MVIC (X2 = 

0.91, p = 0.82) during HOLD contractions (Table 3 & 5) 
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Figure 4.5. Tracked MU Discharge Characteristics – HOLDs. Bee swarm plots of all 

tracked MUs from 20% and 10% MVIC HOLD contractions of the TA motor pool. Blue 
represents CAF and red represents DE conditions. Black lines represent mean 
(horizontal) and standard deviation (vertical) of each group. (*) Represent statistically 

significant (p<0.05) differences between PRE and select time point as a result of LMEM 
marginal means contrast comparisons. 

 

Discussion 

In this study, we assessed the effects of caffeine on the behavior and excitability of 

human motoneurons within the TA and SOL motor pools. Utilizing novel methods, we 

show the effects of caffeine on hundreds of active human motoneurons, tracked over the 

duration of the experiment. Similar to previous work (De Giuseppe et al., 2019; Xu et al., 

2021), we observed a significant change in cardiovascular physiology (MAP and HR) 

over time within the CAF group, with no coincidental changes observed within the DE 

group. Congruent with our hypothesis, we observed a significant increase in ΔF within 

the TA motor pool after the administration of 3mg/kg of caffeine. However, no similar 
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changes were observed within the SOL motor pool, suggesting it may be invariant to the 

effects of caffeine. Further, we observed an increase in maximum discharge rate during 

RAMP contractions and an increase in mean discharge rate and CoV of the ISI during 

HOLD contractions, within the TA motor pool after the consumption of caffeine. 

Cardiovascular effects. Previous studies investigating the use of caffeine as a 

performance enhancing supplement in exercise physiology and sport science have 

recommend doses between 3-9 mg/kg (Guest et al., 2021; Spriet, 2014) with a majority of 

studies utilizing the top end of that range to assess muscular strength and endurance 

performance outcomes (Grgic et al., 2018; Grgic & Pickering, 2019; Pasman et al., 1995; 

Pickering & Kiely, 2018). The intention of the current study was to investigate the effects 

of an ecologically valid and relatable dose of caffeine on the human neuromotor system. 

Here, we utilized a dose similar to what most American coffee drinkers consume daily 

(i.e., ~210 mg for a 70 kg subject) (Fulgoni et al., 2015). Despite this modest dose, we 

observed a significant change in blood pressure and heart rate of the subjects after the 

consumption of coffee, suggesting the response from CAF was sufficient to alter 

subjects’ physiology to clinically meaningful degree. No significant cardiovascular 

changes were observed within the DE group. Curiously, the CAF group had a 

concomitant reduction in heart rate as their blood pressure increased, this reciprocal 

reduction in HR was unexpected but may be a compensatory response to control for 

increased cardiac output provided by increased cardio-inotropic, stroke volume, and 

vascular resistance changes from the effects of caffeine (Green et al., 1996; McClaran & 

Wetter, 2007; Nayler, 1963; Whitsett et al., 1984).  
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Effects on motoneuron discharge properties. Our findings show the TA motor 

pool was affected by CAF through increases in ΔF, maximum discharge rate, CoV of the 

ISI, and mean discharge rate of tracked motor units. To date, few studies have explored 

the use of psychoactive drugs, such as caffeine, to modulate the effects of monoamines 

on human motor unit output. Similar to our findings, Udina and colleagues (2010), 

observed significant increases in ΔF (~2.3 pps increase), after subjects received oral 

administration of amphetamine. While the current study did observe a moderate-strong 

effect size for change in ΔF with the CAF intervention, the magnitude of this change was 

only estimated at +0.77 pps (at post-60’ intervention). This observed variance (between 

studies) is likely due to differences in drug, dose, and pharmacodynamics, as 

amphetamines have been shown to act with more potency in the release of monoamines 

than caffeine (Rank et al., 2007; Udina et al., 2010). Further, the dose utilized by Udina 

and colleagues’ (20-25 mg) exceeds the typical dosage of amphetamine used for 

commonly prescribed, USFDA approved, disorders (such as 5-20 mg/day; Attention 

Deficit Disorder, Narcolepsy; (Daughton & Kratochvil, 2009; Skidmore-Roth, 2023.) 

juxtapose to a fairly ubiquitous dose of caffeine utilized in the current study. Future 

studies should investigate the dose-dependent relationship of caffeine on motoneuron 

behavior.  

The current study observed a significant increase in the maximum discharge rate 

and mean discharge rate of tracked motor units of the TA, after CAF intervention. 

Unfortunately, the previously mentioned studies (Udina et al., 2010; Walton et al., 2002) 

investigating the effects of drugs (caffeine and amphetamine) on motoneuron excitability, 

varied in their methods, and did not explicitly report changes in mean or peak discharge 
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rates. Kalmar and colleagues (1999) are one of few, with similar research questions, to 

explicitly measure motor unit discharge rates as they are affected by CAF (6mg/kg) with 

intramuscular EMG. They observed no change in mean discharge rate or H-Reflex 

amplitude of the SOL motor pool after CAF intervention but did observe significant 

changes in peripheral muscular characteristics (reflected by an increase in time to fat igue 

of 50% MVIC hold contractions). While Kalmar’s results suggest central neuromuscular 

characteristics (such as MN discharge rate and excitability) are invariant to CAF, the 

totality of these findings may represent a muscle-dependent difference in the effects of 

CAF on motor pools, as the current study also failed to show changes within the SOL 

(see below - Differential responses from motor pools). Others exploring caffeine’s effects 

on strength and fatigue have yielded mixed results utilizing proxy measures of motor unit 

discharge rate such as sEMG amplitude (Bazzucchi et al., 2011; Duncan et al., 2014; 

Madigan & Willems, 2011) and mechanomyography (Peterson et al., 2019). While these 

surrogate measures of motor unit activity provide important data to investigate broad 

changes in motor unit behavior, they may not be accurate enough to observe changes in 

rate coding and recruitment of individual motor units (Farina, 2006; Farina et al., 2014; 

Vigotsky et al., 2018). The use of HDsEMG and motor unit decomposition in the current 

study allows for the accurate identification of these changes with the ability to track the 

same motor units over time. We suggest the findings of the current study reflect an 

amplification in PIC activity in response to the caffeine intervention, resulting in higher 

rates of discharge within the TA motor pool. 

No significant changes were observed in 100% MVIC torque output, CoV 

Torque, or the relative % MVIC trials were performed at; indicating that subjects 
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performed contractions at a similar intensity before and after intervention. Given the 

small dose of caffeine utilized in the current study (3 mg/kg), the expected increase in 

100% MVIC torque was minimal, as others have only readily demonstrated small-to-

moderate changes in force production with relatively large doses of caffeine (e.g., 5-9 

mg/kg) (Grgic et al., 2018, 2019). However, we did observe a significant increase in the 

CoV ISI in the TA after CAF administration. Additionally,  a non-significant trend of 

increased CoV Torque was observed in parallel to changes in CoV ISI during CAF 

conditions. The observed changes may be attributed to afferent feedback mechanisms, 

alterations in peripheral neuromuscular properties, or modifications in volitional control, 

attempting to throttle the force output for task success under CAF conditions with 

amplified motor gain. Others have shown CoV Torque may be influenced by motor unit 

discharge rate and CoV ISI, but only at very low contraction intensities (<5% MVIC) 

(Dideriksen et al., 2012). Additionally, others have shown CoV of torque is dependent on 

a number of factors (not just motor unit DR) such as: contraction intensity, number of 

synergist muscles contributing to the task, and the relative number of motor units 

recruited (Moritz et al., 2005; Taylor et al., 2003). Lastly, the lack of similar changes 

within the SOL motor pool may reflect muscle-dependent differences in motor unit 

behavior – as it has additional synergists which aid in plantarflexion tasks. 

Motor unit recruitment and derecruitment thresholds, after CAF intervention, did 

not significantly change. These findings contrast other studies (Udina et al., 2010; Walton 

et al., 2002), which suggest the effects of monoaminergic drugs (like caffeine and 

amphetamine) on motoneuron excitability (ΔF and probability of eliciting self-sustained 

firing, respectively) are likely driven by a reduction in recruitment and/or de-recruitment 
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thresholds of motor units. Reduction in these thresholds could be contributed to an 

increase in motoneuron excitability through the activation of PICs (Udina et al., 2010). 

While our results do not share these findings, there does appear to be a non-significant 

trend (within the TA motor pool) for a decrease in recruitment and derecruitment 

thresholds after CAF intervention that likely contributed a small amount to the significant 

changes observed in ΔF. Further, the physiological range of change among recruitment 

and derecruitment thresholds may be naturally smaller between conditions, resulting in 

less statistical power when observing differences in these variables. Lastly, the 

quantification of recruitment and derecruitment thresholds may have been affected by our 

method of tracking motor units. For example, “newly” recruited motor units over the 

course of the experiment, are systematically excluded from analysis and we are unable to 

quantify their thresholds for (de)activation, since they were not observed within the first 

session, resulting in a selection bias from the set of motor units we first acquired (and 

thus tracked throughout the experiment). While the techniques utilized in the current 

study allows for the high-fidelity observation of many concurrently active motoneurons, 

it may not capture the totality of physiological changes within the entire motor pool, 

future studies utilizing similar HDsEMG motor unit tracking techniques should consider 

this.  

No significant changes in pooled intra-muscular coherence were observed in 

response to the CAF intervention. To our knowledge no other study has attempted to 

quantify how this measure may change in human motor units in response to caffeine (or 

any other similar monoaminergic stimulant). This finding suggests CAF does not alter the 

common synaptic drive within each motor pool. If the concomitant increases in ΔF and 
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discharge rate are not being driven through an overt change in intensity or quality of 

descending synaptic input, it is likely these observed changes are a result of intrinsic 

changes at the level of the MN.  

Lastly, the effects from the CAF intervention appear to be time-dependent and 

trend towards baseline levels at ~90 minutes post-consumption. Most studies utilizing 

caffeine as an ergogenic aid for exercise supplementation suggest the optimal 

consumption time is ~30-60 minutes pre-workout, depending on the type of drug-vehicle 

utilized (i.e., pill, beverage powder, coffee; Guest et al., 2021), our findings extend this 

notion to the level of the motoneuron. Future studies should investigate the potential 

dose- and time-dependent interactions of caffeine on motor unit behavior. 

Differential responses from motor pools. Contrary to our hypothesis, we 

observed differential effects of CAF on the TA and SOL motor pools during RAMP and 

HOLD contractions. We suspect these findings may be a result of a number of 

physiological or methodological reasons. Firstly, the increased heterogeneity and sparsity 

of the SOL data set may have contributed to these observations. The overall motor unit 

yield for SOL was much lower than TA. Additionally, the SOL motor pool comprised the 

majority (5/6) of the missing baseline trials that failed to yield any valid, trackable, motor 

units via decomposition. This disparity in data collected from each motor pool may have 

contributed to the differential responses from each motor pool. Further, the mean 

discharge rates between these motor pools differ (TA (12.3 pps); SOL (8.2 pps) at 20% 

MVIC), however, these baseline differences alone should not greatly influence the 

statistical outcome of the LMEM analysis. However, unlike baseline differences, there 

may be a diminishing effect on the calculation of ΔF in motor pools with lower frequency 
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of discharge, as the magnitude of ΔF is dependent (and limited to) the discharge rates of 

units within the motor pool it is being calculated for (Taylor et al., 2020).  

Alternatively, the observed changes (or lack thereof) within SOL may reflect 

physiological differences in the ways in which PICs are regulated and controlled. For 

instance, SOL PICs may already be so large they are at or near saturation and additional 

input yields little to no change in ΔF. Conversely, SOL PICs may be so small the effects 

are diminished. Others have reported a similar lack of change in measures of excitability 

within the SOL motor pool. Phillips and colleagues (2022) recently demonstrated oral 

administration of α-lactalbumin (40 g), an amino acid precursor of serotonin synthesis, 

failed to modify ΔF or motor unit DR within the SOL motor pool. While α-lactalbumin 

does not act as a central nervous system stimulant nor does it share the same potency of 

psychoactive effects as caffeine, α-lactalbumin has been shown to raise brain serotonin 

levels, making it a potential vector to manipulate PICs in humans (Layman et al., 2018; 

Orosco et al., 2004). Others have also demonstrated a lack of physiological change within 

the SOL motor pool after the administration of caffeine (6mg/kg), using H-reflex 

amplitude as a surrogate measure of MN excitability (Kalmar & Cafarelli, 1999; 

Mesquita et al., 2020). This may further support the inter-muscular differences observed 

in the current study.  
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Figure 4.6. Impact of CAF Consumption on MAP and Delta-F. Each dot represents a 
single subject, stratified by typical caffeine consumption (Bühler et al., 2014).  Top: 
Vertical axis represents the change in MAP and mean Delta-F from block 1 (PRE) to 

block 2 (30’-Post) during the CAF condition. Bottom: Blue line represents Pearson’s 
product-moment correlation (0.175) between change in MAP vs change in Delta-F 

(t=0.753; df=18; p-value=0.461).  
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Individual and sex differences. Individual differences in pharmacokinetics, 

particularly with respect to the rate of caffeine metabolism vary greatly from person to 

person, especially depending on the activity of the cytochrome P450 1A2 (CYP1A2) 

gene, encoding the enzyme that metabolizes caffeine (Gandhi et al., 2004). Without the 

ability to perform genetic and metabolic profiles on each subject, the current study 

initially attempted to stratify subjects by baseline caffeine consumption (questionnaire; 

Bühler et al., 2014), however, the inclusion of this fixed effect did not improve the fit of 

linear effects models and thus was not included in the final analysis. Additionally, a post 

hoc analysis of the relationship between baseline caffeine consumption and the effects of 

CAF on cardiovascular (HR/BP) and motor unit discharge characteristics failed to reveal 

significant correlations (See Appendix A). Others have also observed that individual 

baseline caffeine tolerance and/or typical caffeine consumption is independent of 

ergogenic gains acquired through acute caffeine consumption (Grgic et al., 2018; 

Tarnopolsky & Cupido, 2000). 

Sex-related differences observed in the CYP450 isoforms may also explain 

differential effects of caffeine tolerance between subjects (Robertson et al., 2018; Urry et 

al., 2016). However, in the current study, the inclusion of Sex as a fixed factor did not 

improve the fit of the LMEM. Further, the inclusion of Subject as a nested random effect 

should account for some of these potential individual differences, as separate intercepts 

were calculated for each subject within the model. Additionally, as shown in previous 

studies, there may also be sex-related differences in neuromuscular control and rate 

coding of motor pools (Taylor et al., 2022). Indeed, the current study also observed a sex-

related trend in mean DR during baseline 20% MVIC TA HOLD contractions (females 
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(12.57 pps) and males (12.10 pps)), although these observations should be interpreted 

with caution as these values are not a result of estimated marginal mean calculations and 

represent data that was not a priori considered within the LMEM modeling parameters. 

Teasing apart sex-related differences in neuromuscular physiology represents an 

important research initiative within our field (Jenz et al., 2022; Lulic-Kuryllo & Inglis, 

2022), however these potential differential effects of caffeine on motor unit behavior 

extends beyond the scope of this study and future research is required in this domain. 

Limitations. The current study investigated the effects of caffeine on 

motoneurons within two motor pools. As demonstrated here within the TA and SOL 

motor pools, there may be differential effects of caffeine depending on the motor pool, 

future studies should consider this. Similarly, the lack of varying contraction type and 

MVIC intensity may limit the generalizability of these findings within the motor pools 

studied. As observed with most drug interactions, the individual response may vary and 

accounting for these nuances is difficult. However, utilizing Subject and unique motor 

unit as a nested random effect within the LMEM, allows for some of the individual 

variation between subjects observed in the current study. Some particularly relevant 

individualistic limitations that may require future investigation are sex-related 

differences, caffeine tolerance, typical daily consumption, genetic predisposition in the 

metabolism of caffeine, and establishing a dose-dependent relationship to caffeine at the 

level of the motoneuron. Lastly, since caffeine is a fairly ubiquitous drug with well-

known effects it is possible the placebo and nocebo effects may affect our outcome 

measures, however, subject and experimenter bias were mitigated through the use of 

double-blinding procedures.  
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Conclusion 

Despite caffeine’s widespread use and commonly understood ergogenic 

properties, the mechanisms in which it interacts with the motoneuron in humans are 

underexplored. Here, we demonstrate a moderate dose of caffeine, similar to a large cup 

of coffee, can cause profound changes in cardiovascular and central neuromuscular 

physiology. Utilizing a double-blind, inactive placebo-controlled, crossover study design, 

we observed the effects of caffeine (3 mg/kg) on 1,452 human motor neurons, before and 

over the course of 90+ minutes after the consumption of caffeine. We observed an 

increase in motoneuron excitability (ΔF) and discharge rate within the TA motor pool. 

Conversely, the motor neurons within the SOL motor pool did not significantly alter their 

discharge properties in response to CAF. These findings may have important 

considerations for pharmacological interventions that alter monoamines within humans, 

as their role in regulating motor control and PICs have become more understood. Lastly, 

if a substance as innocuous and ubiquitous as a cup of coffee has the propensity to alter 

the underlying features of motor control, we must truly appreciate the body’s ability to 

adapt and provide flexible control for human movement. 
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Table 4.1. Torque and Torque Variability 

Outcome Variable Pre (T1) 30’ Post (T2) 60’ Post (T3) 90’ Post (T4) 
100% MVIC TA CAF - -2.21 (± 6.63) -2.18 (± 5.38) -1.98 (± 5.17) 

(% MVIC)  DE - -5.53 (± 4.54) -5.36 (± 3.87) -3.75 (± 3.31) 

 SOL CAF - -4.94 (± 7.60) -3.33 (± 5.56) -3.08 (± 5.32) 

  DE - -5.51 (± 8.89) -5.46 (± 7.77) -3.75 (± 5.35) 

RAMP Torque TA CAF 20.56 (± 1.80) 20.92 (± 2.12) 21.10 (± 1.18) 20.92 (± 1.37) 

(% MVIC)  DE 21.01 (± 2.01) 21.15 (± 2.13) 21.03 (± 2.16) 20.83 (± 2.20) 

 SOL CAF 20.82 (± 0.87) 20.85 (± 0.79) 20.82 (± 0.91) 21.05 (± 0.68) 

  DE 20.23 (± 1.33) 20.47 (± 1.23) 20.34 (± 1.27) 20.50 (± 1.18) 

20% HOLD  TA CAF 20.86 (± 1.91) 20.92 (± 2.09) 21.01 (± 2.02) 20.99 (± 2.49) 

(% MVIC)  DE 21.40 (± 1.82) 20.93 (± 1.93) 22.14 (± 1.79) 21.17 (± 1.84) 

 SOL CAF 20.20 (± 2.03) 20.42 (± 2.80) 20.36 (± 1.98) 20.01 (± 2.28) 

  DE 20.42 (± 2.05) 20.46 (± 1.70) 20.40 (± 1.80) 20.59 (± 1.85) 

10% HOLD  TA CAF 11.30 (± 1.81) 11.61 (± 1.88) 11.51 (± 1.99) 11.71 (± 1.72) 

(% MVIC)  DE 11.78 (± 1.61) 11.01 (± 1.63) 11.21 (± 1.57) 11.61 (± 1.67) 

 SOL CAF 10.05 (± 2.03) 10.49 (± 1.75) 10.67 (± 1.89) 10.88 (± 1.78) 

  DE 10.37 (± 1.77) 10.39 (± 1.57) 10.24 (± 1.58) 10.48 (± 1.69) 

CoV-T, 20% TA CAF 1.80 (± 0.65) 1.93 (± 0.48) 1.96 (± 0.80) 1.73 (± 0.72) 

  DE 1.82 (± 0.91) 1.66 (± 0.72) 1.64 (± 0.66) 1.52 (± 0.57) 

 SOL CAF 1.85 (± 0.79) 1.71 (± 0.84) 1.55 (± 0.79) 1.72 (± 0.90) 

  DE 1.55 (± 0.75) 1.40 (± 0.66) 1.36 (± 0.59) 1.31 (± 0.55) 

CoV-T, 10% TA CAF 2.15 (± 0.88) 2.33 (± 0.83) 2.54 (± 0.99) 2.37 (± 1.12) 

  DE 2.24 (± 0.95) 2.24 (± 1.11) 2.25 (± 0.92) 2.02 (± 0.73) 

 SOL CAF 2.08 (± 1.01) 1.94 (± 0.54) 1.87 (± 0.72) 1.89 (± 0.88) 

  DE 1.86 (± 0.90) 1.68 (± 0.62) 1.85 (± 0.47) 1.54 (± 0.63) 

Table 4.1. Torque and Torque Variability. Descriptive statistics of torque characteristics. 
100% MVIC outcome represents the % change in MVIC of each testing block relative to 

each subjects known 100% maximum. Abbreviations: Tibialis anterior (TA); Soleus 
(SOL); maximum volitional isometric contraction (MVIC); coefficient of variation of 

torque during the steady-state portion of HOLD contractions (CoV-T). 
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Table 4.2. LMEM Marginal Means Results from TA RAMPs 
Outcome Variable Pre (T1) 30’ Post (T2) 60’ Post (T3) 90’ Post (T4) 

Tracked MU, # CAF 103 103 73 52 

 DE 98 98 60 35 

Delta-F (ΔF), pps CAF 4.13 [0.15] 4.81 [0.14]* 4.90 [0.15]* 4.41 [0.16] 

 DE 4.19 [0.13] 4.04 [0.13] 4.01 [0.14] 3.98 [0.16] 

InitialDR, pps CAF 5.01 [0.17] 5.11 [0.17] 5.30 [0.15] 4.94 [0.18] 

 DE 4.79 [0.13] 4.82 [0.13] 4.90 [0.16] 4.95 [0.20] 

MaxDR, pps CAF 13.51 [0.27] 14.63 [0.28]* 14.81 [0.29]* 14.55 [0.31]* 

 DE 13.53 [0.27] 13.49 [0.28] 13.54 [0.29] 13.66 [0.33] 

FinalDR, pps CAF 3.12 [0.10] 3.13 [0.10] 3.09 [0.12] 3.16 [0.13] 

 DE 3.18 [0.10] 3.14 [0.11] 3.11 [0.12] 3.01 [0.16] 

Recruit, % CAF 11.40 [0.56] 10.30 [0.56]  10.70 [0.60] 10.71 [0.64] 

 DE 11.00 [0.56] 11.21 [0.55] 11.05 [0.62] 11.59 [0.68] 

De-Recruit, %  CAF 10.23 [0.47] 9.43 [0.48] 9.21 [0.51] 9.81 [0.56] 

 DE 10.70 [0.26] 10.68 [0.26] 10.30 [0.53] 10.39 [0.61] 

Table 4.2. LMEM Marginal Mean Results from TA RAMPs. Estimated marginal means 

[standard error] and statistics from linear mixed effects model analysis (Condition x Time 
contrasts). Abbreviations: Motor unit (MU); pulses per second (pps); percentage of 

maximum volitional contraction torque (%); discharge rate (DR). Statistically significant 
p-values (<0.05; *) are provided from linear mixed effects model estimates from T1 to 
T2-T4 contrast comparisons.  
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Table 4.3. LMEM Marginal Mean Results from TA HOLDs 

Outcome Variable Pre (T1) 30’ Post (T2) 60’ Post (T3) 90’ Post (T4) 
Tracked MU 20% CAF 231 231 193 128 

(#)  DE 258 258 212 149 

 10% CAF 178 178 140 71 

  DE 198 198 147 71 

Mean DR 20% CAF 12.14 [0.12] 12.84 [0.12]* 12.91 [0.13]* 12.88 [0.13]* 

(pps)  DE 12.40 [0.11] 12.17 [0.11] 12.24 [0.12] 12.10 [0.13] 

 10% CAF 10.77 [0.15] 11.54 [0.15]* 11.52 [0.16]* 11.30 [0.18]* 

  DE 10.97 [0.15] 10.72 [0.15] 10.78 [0.16] 11.08 [0.19] 

CoV ISI 20% CAF 14.90 [0.27] 16.01 [0.27]* 15.11 [0.28] 14.73 [0.29] 

(pps)  DE 14.82 [0.26] 14.59 [0.26] 14.63 [0.27] 14.44 [0.28] 

 10% CAF 14.12 [0.27] 14.80 [0.29] 14.04 [0.28] 13.88 [0.33] 

  DE 14.20 [0.27] 14.14 [0.27] 13.89 [0.28] 13.6 [0.33] 

Delta  20% CAF 1.89 [0.10] 1.75 [0.10] 1.68 [0.10] 1.63 [0.11] 

(Z-score)  DE 1.97 [0.10] 1.66 [0.11] 1.70 [0.10] 1.62 [0.10] 

 10% CAF 1.63 [0.11] 1.46 [0.11] 1.54 [0.11] 1.62 [0.11] 

  DE 1.63 [0.11] 1.65 [0.11] 1.47 [0.11] 1.54 [0.11] 

Alpha 20% CAF 0.98 [0.09] 0.96 [0.09] 0.93 [0.09] 0.92 [0.09] 

(Z-score)  DE 0.99 [0.08] 0.88 [0.08] 0.89 [0.09] 0.89 [0.09] 

 10% CAF 0.80 [0.06] 0.86 [0.07] 0.83 [0.06] 0.82 [0.06] 

  DE 0.75 [0.06] 0.80 [0.06] 0.79 [0.06] 0.77 [0.06] 

Beta  20% CAF 0.99 [0.13] 0.84 [0.13] 0.79 [0.13] 0.81 [0.13] 

(Z-score)  DE 0.88 [0.13] 0.90 [0.13] 0.88 [0.13] 0.91 [0.13] 

 10% CAF 0.96 [0.10] 0.97 [0.11] 0.94 [0.11] 0.89 [0.10] 

  DE 0.97 [0.10] 0.95 [0.10] 0.98 [0.10] 0.96 [0.10] 

Table 4.3. LMEM Marginal Mean Results from TA HOLDs. Estimated marginal means 

[standard error] and statistics from linear mixed effects model analysis (Condition x Time 
contrasts). Abbreviations: Discharge rate (DR); Coefficient of variation of the inter-spike 

interval (CoV ISI); Delta, Alpha, and Beta reflect bandwidth values for pooled coherence 
(0-5, 5-15, 15-35 Hz, respectively). Statistically significant p-values (<0.05; *) are 
provided from linear mixed effects model estimates from T1 to T2-T4 contrast 

comparisons. 
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Table 4.4. LMEM Marginal Mean Results from SOL RAMPs 
Outcome Variable Pre (T1) 30’ Post (T2) 60’ Post (T3) 90’ Post (T4) 
Tracked MU, # CAF 33 33 20 16 

 DE 36 36 22 18 

Delta-F (ΔF), pps CAF 2.99 [0.17] 2.95 [0.17] 2.96 [0.19] 2.67 [0.21] 

 DE 2.78 [0.16] 2.85 [0.16] 2.76 [0.18] 2.82 [0.19] 

InitialDR, pps CAF 3.91 [0.20] 3.65 [0.20] 4.10 [0.25] 3.96 [0.28] 

 DE 3.81 [0.19] 3.78 [0.19] 3.82 [0.24] 3.96 [0.26] 

MaxDR, pps CAF 10.35 [0.35] 10.59 [0.35] 10.36 [0.40] 10.23 [0.42] 

 DE 10.21 [0.33] 9.99 [0.33] 10.07 [0.37] 10.29 [0.39] 

FinalDR, pps CAF 2.69 [0.16] 2.57 [0.16] 2.60 [0.19] 2.67 [0.21] 

 DE 2.59 [0.15] 2.54 [0.15] 2.67 [0.18] 2.42 [0.20] 

Recruit, % CAF 10.81 [0.77] 11.03 [0.77]  11.92 [0.89] 11.21 [0.95] 

 DE 10.20 [0.71] 10.48 [0.71] 11.35 [0.82] 11.71 [0.87] 

De-Recruit, %  CAF 12.01 [0.68] 12.19 [0.68] 11.78 [0.80] 12.96 [0.86] 

 DE 12.50 [0.62] 11.95 [0.62] 12.10 [0.73] 11.84 [0.78] 

Table 4.4. LMEM Marginal Mean Results from SOL RAMPs. Estimated marginal means 
[standard error] and statistics from linear mixed effects model analysis (Condition x Time 

contrasts). Abbreviations: Motor unit (MU); pulses per second (pps); percentage of 
maximum volitional contraction torque (%); discharge rate (DR). 
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Table 4.5. LMEM Marginal Mean Results from SOL RAMPs 
Outcome Variable Pre (T1) 30’ Post (T2) 60’ Post (T3) 90’ Post (T4) 

Tracked MU 20% CAF 70 70 59 23 

#  DE 82 82 65 23 

 10% CAF 75 75 56 24 

  DE 90 90 50 27 

Mean DR 20% CAF 7.89 [0.17] 7.86 [0.17] 7.95 [0.18] 8.03 [0.26] 

pps  DE 8.39 [0.15] 8.25 [0.15] 8.10 [0.16] 8.70 [0.24] 

 10% CAF 7.86 [0.18] 7.61 [0.18] 8.01 [0.19] 7.90 [0.24] 

  DE 8.14 [0.16] 7.98 [0.16] 8.01 [0.18] 8.13 [0.21] 

CoV ISI 20% CAF 15.62 [0.34] 15.61 [0.34] 15.27 [0.35] 15.45 [0.48] 

pps  DE 15.24 [0.32] 15.04 [0.32] 15.12 [0.33] 14.78 [0.47] 

 10% CAF 13.76 [0.32] 13.05 [0.32] 13.03 [0.35] 13.01 [0.47] 

  DE 13.64 [0.31] 13.13 [0.31] 12.65 [0.36] 12.78 [0.43] 

Delta  20% CAF 1.19 [0.10] 1.07 [0.10] 1.00 [0.10] 1.12 [0.11] 

Z-score  DE 1.04 [0.10] 0.94 [0.10] 1.04 [0.10] 1.11 [0.11] 

 10% CAF 1.10 [0.11] 0.96 [0.11] 0.88 [0.11] 0.92 [0.11] 

  DE 1.00 [0.11] 1.05 [0.11] 0.88 [0.11] 0.88 [0.11] 

Alpha 20% CAF 0.67 [0.08] 0.58 [0.08] 0.53 [0.08] 0.60 [0.09] 

Z-score  DE 0.64 [0.08] 0.55 [0.08] 0.56 [0.08] 0.51 [0.08] 

 10% CAF 0.46 [0.06] 0.40 [0.06] 0.48 [0.06] 0.47 [0.06] 

  DE 0.39 [0.06] 0.37 [0.06] 0.36 [0.06] 0.40 [0.06] 

Beta  20% CAF 1.01 [0.12] 0.89 [0.13] 0.85 [0.12] 0.86 [0.13] 

Z-score  DE 0.88 [0.13] 0.77 [0.13] 0.89 [0.13] 0.81 [0.13] 

 10% CAF 0.87 [0.11] 0.61 [0.11] 0.64 [0.11] 0.68 [0.11] 

  DE 0.76 [0.10] 0.62 [0.10] 0.62 [0.10] 0.67 [0.10] 

Table 4.5. LMEM Marginal Mean Results from SOL RAMPs. Estimated marginal means 
[standard error] and statistics from linear mixed effects model analysis (Condition x Time 

contrasts). Abbreviations: Discharge rate (DR); Coefficient of variation of the inter-spike 
interval (CoV ISI); Delta, Alpha, and Beta reflect bandwidth values for pooled coherence 

(0-5, 5-15, 15-35 Hz, respectively). 
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CHAPTER 5 

CONCLUSIONS 

Review of Specific Aims 

The aim of this dissertation was to investigate how human MNs behave in 

response to muscle-, task-, and neuromodulation-dependent state changes. The 

adaptability and plasticity of MNs in response to these types of states was previously 

unknown in humans. A comprehensive understanding of MN behavior is essential to 

elucidating the structure and function of the human neuromuscular system. Furthermore, 

mapping the magnitude of PICs within and across motor pools may guide diagnostic, 

prognostic, and therapeutic implications for neuromotor pathology with known PIC 

disruptions. To best achieve these aims, a series of three experiments were conducted 

utilizing HDsEMG and MU decomposition algorithms, to observe the discharge 

characteristics of entire populations of MNs. The specific aims of these three experiments 

are summarized below. 

1) Assess human spinal MN behavior and excitability within functionally varying 

motor pools. We hypothesized that maximal MN discharge rate within the first 

dorsal interosseous motor pool would differ from the tibialis anterior motor pool. 

Further, MN excitability (ΔF) would differ between the first dorsal interosseous 

motor pool and the tibialis anterior motor pool. 

2) Observe alterations in neuromotor control of a single motor pool in response to 

varying volitional motor commands. We hypothesized that MN excitability (ΔF) 

within the biceps brachii motor pool would remain invariant, despite different 

volitional motor commands (i.e., flexion and supination). Further, intra-muscular 
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coherence within the biceps brachii motor pool would differ between flexion and 

supination motor commands. 

3) Assess the effects of exogenous neuromodulation on the human spinal 

motoneurons. We hypothesized that MN excitability (ΔF) would increase after the 

administration of orally ingested caffeine (3mg/kg). Further, intra-muscular 

coherence would decrease after the administration of orally ingested caffeine. 

Summary of Results 

Aim 1 Summary. During a series of submaximal (20% MVIC) isometric RAMP 

contractions, 1,638 MU spike trains were identified from 4 subjects and were utilized for 

subsequent analysis. Consistent with our hypothesis, significantly higher maximum MU 

discharge rates were observed within the FDI motor pool, when compared to the TA. 

Similarly, ΔF within the TA motor pool was significantly higher than in the FDI. These 

findings suggest two functionally diverse muscles are controlled in fundamentally 

different ways by the central nervous system to achieve task dependent outcomes.  

This evidence supports the notion that motor pools may be functionally tuned to 

their environmental demands. Because of the nonlinear ways in which PICs can augment 

motor unit behavior, it may be possible that the nervous system may utilize these 

organizational differences to transform the motor command between motor pools, to 

facilitate complex motor tasks. For example, the TA, predominantly a postural control 

muscle, is utilized constantly for stability and locomotion. As such, its MNs may have a 

biophysical benefit to higher levels of excitability (ΔF), this would lower the effective 

activation threshold of the motor pool to assist in repetitive tasks. In contrast, the FDI is 
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almost exclusively utilized for fine control in grasping. As such, its MNs may benefit 

from a reduced level of excitability when executing controlled, fine motor tasks, in which 

prolonged MN activation may increase the difficulty of controlling a precise movement.  

Aim 2 Summary. The Biceps Brachii, a muscle with more than one 

biomechanical function, offers a unique opportunity to observe functional changes in MU 

behavior between its two primary joint actions (e.g., elbow flexion and forearm 

supination). Here, we observed the MU discharge characteristics of the biceps brachii 

from 10 subjects during submaximal isometric contractions, at similar levels of intensity, 

between these two different modes of activation. 

We observed that the MU discharge rate, inter-spike interval variability (CoV 

ISI), MUAP morphology, torque variability, and estimated MN excitability (ΔF), did not 

differ between supination and flexion tasks. However, despite homogenous MU 

discharge characteristics between modes of activation, we did observe a significant 

increase in coherence during supination within the alpha (5-15Hz) and beta (15-35Hz) 

bandwidths. We suggest these changes may reflect task-specific alterations in synaptic 

input to the biceps brachii motor pool, during conditions where additional kinematic 

information is needed to complete motor tasks. 

These data support our hypothesis that the synaptic drive to bicep brachii 

motoneurons may differ during these modes of activation, however, the excitability and 

MU discharge characteristics of the motor pool remains invariant to differential 

functional tasks. 

Aim 3 Summary. Serotonin and norepinephrine (monoamines) are responsible 

for the modulation of MNs through the activation of PICs. The resultant activity of MNs, 
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through the modulation of PICs, causes state-dependent and non-linear behavior. Despite 

early pioneering studies in animal studies (Hounsgaard et al., 1988; Hounsgaard & 

Kiehn, 1989), the effects of exogenous neuromodulation via monoamines in humans have 

been underexplored. The lack of human-based studies in this genre is largely due to the 

inability to accurately observe MN membrane properties in humans. However, the novel 

techniques described in this dissertation now allow for such observations. 

Caffeine, a central nervous system stimulant, achieves its performance-enhancing 

effect by acting as a competitive antagonist to adenosine and by stimulating the release of 

norepinephrine and serotonin. Despite caffeine’s widespread use and commonly 

understood ergogenic properties, the mechanisms in which it interacts with the MN in 

humans are underexplored. 

Consistent with our hypothesis, we demonstrate a moderate dose of caffeine (3 

mg/kg), similar to a large cup of coffee, can cause profound changes in cardiovascular 

and central neuromuscular physiology. Utilizing a double-blind, inactive placebo-

controlled, crossover study design, we observed the effects of caffeine on 1,452 human 

MNs. These unique MNs were identified and tracked before, and over the course of 90+ 

minutes after the consumption of caffeine.  

We observed a significant increase in MN excitability (ΔF) and discharge rate 

within the TA motor pool, after caffeine consumption. Coincidental to these changes, 

within the TA, significant inter-spike interval variability (CoV ISI) was also observed. 

However, in contrast to our hypothesis, intra-muscular coherence remained invariant to 

caffeine within the TA and SOL motor pools. Furthermore, the MNs within the SOL 

motor pool did not significantly alter their discharge characteristics or ΔF in response to 



103 

CAF, suggesting the observed effects of caffeine on MN behavior may be muscle 

dependent.  

Limitations 

There are some limitations that should be considered for future investigations. As 

demonstrated within AIM 1, MN discharge properties and PIC magnitude can vary 

greatly when compared across different motor pools. Currently, HDsEMG studies often 

utilize motor pool targets of convenience, for instance muscles that are easily accessible 

and have a history of generating high MU decomposition yields (e.g., tibialis anterior). 

While the MU decomposition algorithms can produce very impressive results in some 

motor pools (resulting in 40+ unique MU spike trains), other motor pools may be 

intentionally avoided by investigators fearful of small sampling size. While the logistics 

of experimental design are important to consider, this practice is likely to provide a 

skewed view of MN behavior, given the variability observed between motor pools. 

However, it should be mentioned that even under suboptimal conditions, these techniques 

(HDsEMG/MU decomposition), are often capable of yielding a higher number of 

observed MUs than alternative methods, such as intra-muscular EMG. It is important to 

continue efforts mapping the behavior and PIC activity of lesser studied motor pools, for 

a full understanding of their functional implications.    

Another limitation and logistical consideration for future studies is the effects of 

repeated contractions within the structure of data collection. Historically, it is common to 

include multiple repetitions of RAMP contractions within a single set, with each set 

separated by multiple minutes to mitigate effects of fatigue. The inclusion of multiple 

RAMP contractions separated by ~20s – 60s, within a single set of repetitions, appears to 
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aid in the accuracy and yield of MU decomposition algorithm as well as create a robust 

data set for subsequent analysis. The use of submaximal intensities mitigates the effects 

of muscular fatigue; however, the time-dependent effects of PIC activation may cause 

non-linear and unexpected outcomes when using these methods. For instance, the effects 

of repeated contractions may obfuscate ΔF values, creating a misrepresentation of a 

MN’s intrinsic excitability. This phenomenon was observed within AIM 3 (see Appendix 

B). The effects of repeated contractions caused a global reduction in MU recruitment and 

derecruitment thresholds (as seen in states of high excitability), however, due to the 

dependency on rate coding for the paired motor unit analysis the resultant ΔF value were 

considerably lower with each repetition. This is contrary, to the understanding that the 

intrinsic excitability should be increased with repeated contractions (Gorassini et al., 

2002b). For the consistency of analysis and to mitigate these effects on the results of AIM 

3, the formal analysis was only conducted on the first repetition of each set. Future 

research is necessary to explore the intricacies of how the paired motor unit analysis may 

be affected by repeated contractions.   

Lastly, the study of MN behavior with HDsEMG and MU decomposition 

techniques has been largely limited to highly controlled, isometric, contractions. This 

rigorous experimental control is considered necessary to the analysis of MNs, under such 

conditions. However, it is important to mention the lack of varying contraction types (not 

just RAMP and HOLD shapes) and MVIC intensity may limit the generalizability of the 

findings presented here. Similarly, these findings may not accurately represent 

naturalistic and ecologically valid motor behaviors, as we are rarely in such restricted 

situations throughout normal everyday life. The results of this dissertation do provide 
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powerful information on the basic behavior of MNs. Indeed, these results highlight the 

nuanced and state-dependent behavior of MUs, which were once thought to be just 

passive instruments of the nervous system. However, as cautiously demonstrated here, 

more research is necessary in order to bridge the gap from the foundational models of 

motor control to understanding the highly complex behavior of MNs.  

Concluding Remarks 

The novel findings presented here demonstrate the tremendous ability for the 

human motor system to adapt to various states, both internal and external. Aim 1 

demonstrates that not all motor pools behave similarly, with respect to the MN discharge 

characteristics necessary to accomplish force generation. Aim 2 demonstrates that a 

muscle with more than one biomechanical function does not necessarily rely on changes 

of MN discharge characteristics to alter its functional outcome, but instead may utilize 

changes in synaptic input to do so. Lastly within AIM 3, through exogenous 

neuromodulation, we demonstrate that a cup of coffee has the ability to alter fundamental 

motor control mechanisms. Astonishingly, all of these observed state-dependent 

alterations in motor control largely happen without conscious effort or detection, further 

emphasizing the subtle adaptability of the nervous system.  
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APPENDIX A 

RELATIONSHIP BETWEEN CAFFEINE CONSUMPTION AND OUTCOME 

VARIABLES 

 

A post hoc analysis of the relationship between baseline caffeine consumption 

and the effects of CAF on cardiovascular (MAP) and motor unit discharge characteristics 

failed to reveal significant correlations.  These findings suggest previous or preferred 

caffeine use have no significant correlation with the main outcome measures in Chapter 

4/AIM 3 (Below are the results of Pearson’s product-moment correlations from R-

Studio). 
  
 

 
Figure A.1. Mean Arterial Pressure vs Caffeine Use. Data: CAFdata$MAP and 
CAFdata$CAFUSE; t = 0.39411, df = 38, p-value = 0.6957; 95 percent confidence 

interval: -0.2527303  0.3679975; sample estimates: cor 0.06380209.  
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Figure A.2. Hear Rate vs Caffeine Use. Data: CAFdata$HR and CAFdata$CAFUSE; t = 
-0.61587, df = 38, p-value = 0.5417; 95 percent confidence interval: -0.3985787  

0.2188750; sample estimates: cor -0.09941249.  
 

  
Figure A.3. Delta-F vs Caffeine Use. Data: dataTACAF$DeltaF and 
dataTACAF$CAFUse; t = 0.23186, df = 329, p-value = 0.8168; 95 percent confidence 

interval: -0.09514968  0.12041629; sample estimates: cor 0.01278181. 
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Figure A.4. Maximum DR vs Caffeine Use. Data: dataTACAF$MaxDR and 
dataTACAF$CAFUse; t = 0.10223, df = 329, p-value = 0.9186; 95 percent confidence 

interval: -0.1022266  0.1133674; sample estimates: cor 0.005635916  
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APPENDIX B 

EFFECTS OF REPEATED CONTRACTIONS 

 

 

 

Figure B.1. Effects of Repeated Contractions on Delta-F. Data represents mean and 

standard error for all available motor units at each timepoint, condition, and motor pool. 
A global reductions in Delta-F can be observed within sets of repetitions. To mitigate 
these unintended effects the data from AIM 3 utilized only the first repetition of the 

highest MU Yield set, per subject, per time point. 
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APPENDIX C 

CAFFEINE CONSUMPTION QUESTIONNAIRE 

 

 
Figure C.1. Caffeine Consumption Questionnaire. Subjects in AIM 3 completed this 
questionnaire, in order to stratify baseline caffeine consumption prior to enrollment into 

the intervention arm. 
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APPENDIX D 

CHANGE IN STRENGTH OVER TIME 

 

 

Figure D.1. Change in Maximum Strength. Maximum volitional isometric contraction 
(MVIC) values for all 20 subjects within AIM 3. No significant effect of time of 

condition was observed. 
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APPENDIX E 

MUSCLE OR DISCHARGE RATE DEPENDENT 

 

Within the final analysis reported in Chapter 4, a muscle-specific effect of 

caffeine was observed within the TA motor pool. Because the known discharge rates of 

the TA and SOL vary substantially (TA (12.3 pps) and SOL (8.2 pps) at 20% MVIC 

during HOLDs), a post hoc analysis was conducted on each motor pool independently, to 

assess if these effects represent true muscle-specific differences or differences in 

responsiveness based on the discharge rate of the individual MNs.  

LMEMs were created to assess the relationship of Delta-F (ΔF) with the fixed 

effects of Condition, Time, MaxDR, their interactions and random effects of unique motor 

unit nested within Subject. This model was created and performed, first on data 

containing only TA MNs and a second iteration only on SOL MNs. To inspect the 

influence of MaxDR through the continuum of MNs within a single muscle, the predictor 

variable (MaxDR) was centered to reduce the correlation between the predictor variable 

and the intercept. Furthermore, we analyzed the estimated marginal means contrasted for 

Time and Condition to observe any changes within each muscle, independently. Lastly, 

estimated marginal means were plotted and investigated for the effects of CAF, for each 

muscle, at one standard deviation below the mean of MaxDR (-SD), at the mean of 

MaxDR, and at one standard deviation above the mean of MaxDR (+SD). 

The main effects of Condition*Time (originally observed in chapter 4) were no 

longer statistically significant. Instead, within both motor pools, a significant main effect 

of MaxDR was found (TA X2 = 13.7, p < 0.001; SOL X2 = 4.7, p = 0.034). This indicates 
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a strong interaction between the MaxDR and Delta-F variables. Pearson correlation 

coefficient revealed a positive correlation between DeltaF and MaxDR (TA: r(621)=0.38, 

p < 0.001; SOL: r(212)=0.28, p = 0.001). This finding is unsurprising as the change in 

discharge rate of the paired lower threshold MN is explicitly used to quantify Delta-F, 

and the tracked pairs of MNs used in this method are likely highly correlated themselves. 

No other main effects achieved statistical significance. However, when comparing 

estimated marginal means contrasted for Time and Condition, ΔF values significantly 

differed (p < 0.0001; d=0.99-1.24) between PRE-to-30-Post and PRE-to-60-Post time 

points within the CAF condition of the TA only. Lastly, when plotting predicted values of 

MaxDR centered at -SD, mean, and +SD; effects of CAF were only observed in the TA 

motor pool (see Figure E.1. & E.2.). 

These findings suggest that the observed effects of caffeine within chapter 4 

reflect genuine muscle-specific differences in caffeine responsiveness and amplification 

of PICs (when comparing TA vs SOL MNs). Further, we demonstrate ΔF is correlated 

with the maximum discharge rate of tracked high threshold units (MaxDR). However, 

through inspection of marginal means contrasted for Time and Condition, we observe 

MNs within the TA motor pool, despite this correlation, respond selectively to the effects 

of CAF across the entire firing profile of the TA motor pool. 
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Figure E.1. DeltaF Across MaxDR of TA. Estimated marginal means of TA Delta-F, 

centered at one standard deviation below the mean (left; -SD; 12.21 pps), mean (middle; 
13.98 pps), and one standard deviation above the mean (right; +SD; 15.76 pps), contrasts 
for Condition (CAF vs DE) and Time (Pre, post-30’, post-60’, post-90’).  
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Figure E.2. DeltaF Across MaxDR of SOL. Estimated marginal means of SOL Delta-F, 

centered at one standard deviation below the mean (left; -SD; 8.6 pps), mean (middle; 
10.17 pps), and one standard deviation above the mean (right; +SD; 11.74 pps), contrasts 

for Condition (CAF vs DE) and Time (Pre, post-30’, post-60’, post-90’). 
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