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Neuromuscular fatigue is exacerbated under stress and is characterized by shorter endurance time, greater perceived effort, lower force steadiness, and higher electromyographic activity. However, the underlying mechanisms of fatigue under stress are not well-understood. This review investigated existing methods of identifying central mechanisms of neuromuscular fatigue and the potential mechanisms of the influence of stress on neuromuscular fatigue. We found that the influence of stress on the activity of the prefrontal cortex, which are also involved in exercise regulation, may contribute to exacerbated fatigue under stress. We also found that the traditional methods involve the synchronized use of transcranial magnetic stimulation, peripheral nerve stimulation, and electromyography to identify the contribution of supraspinal fatigue, through measures such as voluntary activation, motor evoked potential, and silent period. However, these popular techniques are unable to provide information about neural alterations upstream of the descending drive that may contribute to supraspinal fatigue development. To address this gap, we propose that functional brain imaging techniques, which provide insights on activation and information flow between brain regions, need to be combined with the traditional measures of measuring central fatigue to fully understand the mechanisms behind the influence of stress on fatigue.
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PROBLEM STATEMENT

In safety critical domains, such as healthcare or emergency response, physical and cognitive stress burden workers strenuously (Benedek et al., 2007; Reichard and Jackson, 2010; Lentz et al., 2019). Workers in these occupations are more frequently exposed to various types of psychological stressors and in some cases, frequent exposure to traumatic events leads to the development of post-traumatic stress disorder (Reynolds and Wagner, 2008; Regehr and LeBlanc, 2017). Due to high physical demand, musculoskeletal injuries like sprains are found to be the most common among emergency responders and accounted for 33–41% of the total reported injuries (Reichard and Jackson, 2010; Orr et al., 2019; Hanson et al., 2021). High physical demands lead to muscle fatigue which can not only significantly impair responder capacity during work—thereby affecting their safety, but can also increase the risk of musculoskeletal disorders in this occupational group (Gallagher and Schall, 2017). In order to develop efficient strategies and techniques to mitigate the harmful effects of psychological and physiological stressors on worker health, the effect of these stressors on their mental and physical health needs to be understood. Several studies have independently investigated the consequences of cognitive stress on the psychological health of individuals and the effect of physical strain on their neuromuscular health and physical performance (Enoka and Duchateau, 2008; Yun, 2016; Gallagher and Schall, 2017; Sawhney et al., 2018). Conventional ergonomics-based models either consider physical factors like posture and muscle activity to assess physical fatigue or use cognitive factors like cognitive stress to assess cognitive fatigue (Matthews, 2002; Ma et al., 2010; Yu et al., 2019). However, the consequences of cognitive stress on neuromuscular health and physical performance have been poorly understood. Cognitive factors and their potential contribution to physical fatigue is often not considered while assessing physical fatigue. Since these two domains, cognitive and physical, are often studied in silos, the interaction between the cognitive and physical domains is not well investigated.

Cognitive stress is a cognitive perturbation that alters executive functioning of the brain responsible for decision making, memory, etc. (Kemeny, 2003; Sandi, 2013). The executive centers of the brain, primarily the prefrontal cortex (PFC), are also responsible for exercise control and exercise termination (Robertson and Marino, 2016). However, no studies so far have investigated how alterations in executive functioning of the brain affect a person's ability to perform exercise and how it influences exercise termination due to fatigue. Understanding the central mechanisms of fatigue under stress is an important first step for the development of interventions that can be used to delay the onset neuromuscular fatigue in safety critical occupations. In this review, the effects of acute stress on neuromuscular fatigue are reviewed, with the focus on central mechanisms of fatigue. First, the mechanisms of neuromuscular fatigue are introduced. The role of central fatigue during physical work and how the brain regulates physical work capacity are also discussed. Building on this body of work, we reviewed studies that provide insights on neural fatigue mechanisms under stress using state of the art neuroergonomics methodologies and present novel physical neuroergonomic methodological framework to capture the neural mechanisms.



BEHAVIORAL IMPACTS OF STRESS ON NEUROMUSCULAR FATIGUE

Investigations on the effect of stress on muscle fatigue have mainly been focused on isometric contractions of the upper extremity muscles. These studies have found that cognitive stress adversely affects neuromuscular performance and fatigability (Lundberg et al., 2002; Yoon et al., 2009; Keller-Ross et al., 2014a). For isometric contractions, muscle fatigue, can be defined as a reduction in the ability of muscles to generate force at a required target during exercise (Enoka and Duchateau, 2008). Muscle fatigue is characterized by time to task failure (endurance time), or the exercise induced loss of muscle strength (strength loss). Strength loss can be calculated as the decline in maximum force generating capacity of a muscle after fatiguing exercise relative to their initial force generating capacity. Acute stress applied simultaneously with low intensity contractions is associated with shorter endurance time for contractions of upper extremity muscles but comparable strength loss relative to their initial strength (Yoon et al., 2009; Keller-Ross et al., 2014a; Mehta, 2015). Yoon et al. (2009) found endurance time for sustained elbow flexion was significantly reduced under acute cognitive stress. This reduction was more pronounced in females, where the females exhibited 27.3 ± 20.1% reduction in endurance time under the influence of acute stress, and men exhibited 8.6 ± 23.1% reduction in endurance time. The study also found that the reduction in time to task failure was only observed under high cognitive stress and not under the application of low stressors. Conversely, Mehta and Parasuraman (2014) found no difference in endurance times between the stress and control sessions for sustained handgrip contractions at 30% maximum voluntary contraction (MVC). However, it was not confirmed whether participants were successfully stressed by the mental arithmetic task used to induce high cognitive workload. It is likely that the short time taken to fatigue the muscle for sustained contractions wasn't long enough to induce high level of stress effectively. Mehta (2015) found that stress significantly reduced endurance time and strength loss rate for intermittent handgrip contractions at the same level of 30% MVC and the negative effect of stress was exacerbated by obesity. While stress led to ~18% reduction in endurance time in the non-obese group on an average, this reduction was around 35% in the obese group. These studies suggest that acute stress significantly reduces endurance time and accelerates the onset of fatigue, and that the impact of stress is task-dependent (e.g., sustained vs. intermittent, muscle group tested) and modulated by individual factors (e.g., obesity, gender).



MECHANISMS OF NEUROMUSCULAR FATIGUE


Peripheral vs. Central Fatigue

Loss of neuromuscular strength is caused by peripheral fatigue produced by changes at or away from the neuromuscular junction and by central fatigue caused by a loss of voluntary activation (defined as the level of neural drive) to the neuromuscular junction (Gandevia, 2001). Peripheral fatigue can develop due to impairments at the neuromuscular junction, changes in the electrical properties of the muscle, development of metabolites interfering with metabolic processes required to maintain Adenosine Triphosphate levels, or the depletion of glycogen available to the muscles (Bigland-Ritchie et al., 1978; Kirkendall, 1990; Amann, 2011). However, the focus of this review is not on peripheral fatigue and therefore, the discussion on peripheral fatigue has been kept brief. Central fatigue is caused due to factors at the supraspinal sites, which control the descending drive to motoneurons or at the spinal sites which form the pathway for the descending drive to reach the neuromuscular junction (Gandevia, 2001; Taylor et al., 2016). Supraspinal factors include changes in the excitability of the motor cortex, or the strength of cortical connections with motoneurons. Spinal factors include intrinsic motoneuron behavior, recurrent inhibition, presynaptic modulation of α- and γ-motoneurons or other influences to the spinal circuitry.



Central Fatigue During Maximal and Submaximal Contractions

Central fatigue can be defined as an exercise induced loss of voluntary activation. Voluntary activation is the level of neural drive required to activate the muscle received by the neuromuscular junction from the primary motor cortex. This level of neural drive determines the level of force output that will be generated by the muscle. As evidenced by several studies, voluntary activation during exercise is submaximal even during maximal efforts (Gandevia, 2001). This means that even during maximal effort, the neuromuscular system is unable to generate the maximum evocable force that a muscle group is capable of producing. If continuous or intermittent effort is applied over time, voluntary activation further decreases indicating the progression of central fatigue (Todd et al., 2003; Taylor and Gandevia, 2008). During maximal efforts, voluntary activation declines and becomes suboptimal (Bigland-Ritchie et al., 1978; Gandevia et al., 1996) and this decline can be attributed to an increase in recurrent inhibition of the motoneuron pool, reflex inputs from type III and IV muscle afferents (spinal factors) and suboptimal descending drive (supraspinal factors) from the motor cortex (Taylor and Gandevia, 2008). During submaximal contractions, the neural drive to the muscle first increases with time to compensate for peripheral impairments but intermittent maximal efforts with nerve or brain stimulation reveal that superimposed twitch also increases indicating central fatigue (Søgaard et al., 2006). During submaximal contractions the contribution of central fatigue is higher for lower intensity contractions (Ljubisavljević et al., 1996; Eichelberger and Bilodeau, 2007). Supraspinal fatigue has a larger contribution in central fatigue development during submaximal efforts as compared to maximal efforts (Taylor and Gandevia, 2008). This indicates that during submaximal efforts a larger proportion of task failure is caused by a suboptimal descending drive from the motor regions of the brain. This supraspinal fatigue offers scope for improvement in motor performance as fatigue is not caused due to reaching the limits of the neuromuscular system but by a suboptimal drive to begin with.

The rate of recovery of voluntary activation after central fatigue depends on contraction intensity. While, recovery of voluntary activation from maximal or high intensity submaximal contractions takes 2–3 min, recovery from prolonged, low intensity exercise can take up to 60 min (Taylor and Gandevia, 2008). Excitability of the primary motor cortex also reduces with the onset of fatigue and increases during recovery (Benwell et al., 2006; Teo et al., 2012). The changes in cortical inhibition and activation during and after exercise is indicative of the adaptive neural strategies employed by the central nervous system to maintained the drive required for the contracting muscle.



How Brain Regulates Neuromuscular Performance

To better understand how the descending motor drive is regulated, several models of brain regulation of exercise performance have been proposed. Blain et al. (2016) found the central nervous system inhibits intramuscular metabolic perturbation via group III/IV muscle afferents to regulate exercise performance. These results further show that exercise termination due to fatigue is determined by the brain by interpreting the afferent feedback from the muscles. The Central Governor model (CGM) proposes a subconscious “central governor” that regulates the voluntary drive to muscles based on afferent sensory input with the goal of maintaining body homeostasis (Noakes, 2010). According to CGM, physical activity is controlled by a pacing strategy where the “central governor” calculates the intensity of exercise to be maintained and when the exercise would be terminated in order to maintain homeostasis (Gibson and Noakes, 2004). However, according to Marcora (2008), CGM conflicts with conscious effort regulation and does not account for the effect of external motivation on exercise performance. The psychobiological model based on the motivational intensity theory (Wright, 1996) accounts for this conscious control and proposes that task failure occurs when the effort involved in task performance reaches the maximum effort that the participant had calculated to be needed for successful task performance. Although, there is disagreement between the two models on whether exercise regulation is controlled consciously or subconsciously, both models suggest that exercise is regulated by the brain to a calculated safe exertion limit.

As brain regulates effort during exercise, perturbation to certain cortical regions during exercise can also potentially lead to the development of central fatigue before the neuromuscular system reaches capacity. Such perturbations could be concurrent mental fatigue, chronic conditions, or even acute cognitive stress. Studies have shown that high mental workload or concurrent mental fatigue during submaximal isometric contractions are accompanied by a reduction in endurance time and the motor unit firing rate (Mehta and Agnew, 2012; Kowalski and Anita, 2020) and also by a stunted prefrontal cortex (PFC) (Shortz et al., 2015; Mehta, 2016). Studies have shown that changes in PFC activation are associated with changes in motor regions and muscle oxygenation during fatigue development (Rupp and Perrey, 2008; Rupp et al., 2013). However, these studies have not been able to conclusively establish a causal relationship between PFC activation, activation of the motor regions, and neuromuscular fatigue.




METHODS FOR CAPTURING NEURAL MECHANISMS OF FATIGUE

Further review of existing techniques to identify the central mechanisms of fatigue was done in order to understand the capabilities and limitations of these techniques to identify neural mechanisms of fatigue under stress. Table 1 shows the studies that were reviewed to obtain a comprehensive understanding of different bio instruments and techniques used in understanding the mechanisms of fatigue. Nine studies that specifically aimed to identify mechanisms behind fatigue were found. To get a comprehensive understanding of the current methods used to identify influencing factors of fatigue, the methodology, instrumentation and relationship of measurements with fatigue was documented.


Table 1. Studies investigating the mechanisms of fatigue.
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After, the basic techniques and metrics of calculating fatigue were identified, a more in-depth review of these techniques and related metrics was performed. Based on the review, following techniques were identified and illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Mechanisms of neuromuscular fatigue and methods identifying these mechanisms. (A) Different mechanisms of fatigue acting along the neuromuscular pathway and location of bio instruments used for detecting mechanisms of fatigue involved. Activation and functional connectivity of the superficial cortical regions involved in neuromuscular performance are measured using fNIRS. (B) EMG and force profile of muscle during stimulation via TMS or peripheral nerve stimulation. (C) Brain imaging using fNIRS. Hemodynamic activity in a region is recorded by emitting infrared light of a given intensity in the region and detecting the intensity of light emitted back. The change in intensity is converted to concentration of oxygenated/deoxygenated blood using the Beer–lambert law.



Transcranial Magnetic Stimulation and Peripheral Nerve Stimulation

TMS is a cortical stimulation technique that uses high intensity transient magnetic field to induce an electrical field in the cortical regions (Carroll et al., 2001). Supramaximal stimulation of the motor cortex or the peripheral motor nerve is used to measure voluntary activation by measuring the “twitch” generated by the muscles while performing a voluntary contraction (Todd et al., 2003). The twitch generated by the supramaximal stimulation of the motor cortex or motor nerve represents the extra force the human was not able to generate voluntarily. Traditionally, voluntary activation is calculated using the following formula:

[image: image]

As discussed earlier, the superimposed twitch can be measured through cortical or nerve stimulation during a voluntary contraction (Gandevia, 2001). In case of nerve stimulation, the resting twitch is measured by the stimulation of muscles at rest, however the same technique cannot be used for cortical stimulation as the excitability of the motor cortical and corticospinal neurons is far less when the muscle is relaxed (Todd et al., 2016). Todd et al. (2003) developed a method of estimation of the resting twitch by calculating the y-intercept of a linear regression of the amplitude of the superimposed twitch against the contraction levels from 50 to 100% of maximum voluntary contractions. Therefore, twitch interpolation technique required twitch to be given at different levels of effort above 50% MVC to have enough data for linear regression.

Twitch interpolation by nerve stimulation has been traditionally used in measuring changes in voluntary activation but is limited in interpretation of causal mechanisms that may be behind these changes (Todd et al., 2016). Measuring voluntary activation via nerve stimulation can tell us whether the voluntary drive to the neuromuscular junction is submaximal (Allen et al., 1995) and this submaximal drive could be due to inability of motoneurons to discharge continuously, or a diminished excitatory drive to the motoneurons. This does not indicate whether the submaximal drive is due to a suboptimal descending drive from the motor cortex or due to inhibitions in the corticospinal pathways. Voluntary activation obtained from the stimulation of the motor cortex via TMS, however, reveals different information than nerve stimulation. If superimposed twitch is generated by motor cortical stimulation, the cortical output was not maximal and not sufficient to drive motoneurons maximally (Taylor et al., 2006). Thus, voluntary activation calculated from cortical stimulation by the TMS represents the level of descending drive from the motor cortex and its loss indicates supraspinal fatigue (Gandevia et al., 1996; Taylor et al., 2000, 2006).

While TMS is better suited to answer questions about mechanisms of fatigue as compared to nerve stimulation, there are some challenges associated with it. While nerve stimulation can be confined to activation of only the agonist muscle group, stimulation via TMS is less precise in stimulating only the target muscles (Taylor et al., 2006). Thus, the choice of muscle groups should be such that the relative stimulation of the agonist muscles is minimized (Todd et al., 2016). For example, studies have shown that this effect is minimal for isometric contraction for the elbow flexors where the EMG recordings of the triceps show a very small motor evoked potential (MEP) as compared to the biceps (Todd et al., 2003, 2004). This is because elbow flexors have stronger excitatory connections and are twice as strong as compared to the antagonists (Taylor et al., 2006). Therefore, the use of TMS for measuring voluntary activation is feasible for only certain muscle groups. Additionally, there are also methodological challenges with measuring voluntary activation using TMS during recovery from a fatiguing exercise (Dekerle et al., 2019). Traditionally, the resting twitch using TMS is estimated by consecutively measuring superimposed twitch at three intensities of contractions above 50% MVC. However, Dekerle et al. (2019) found that resting twitch is not estimated reliably using this method and resting twitch estimation requires at least nine superimposed twitches for reliable measurement of Voluntary activation. However, the accuracy of this “nine-point” method can also be compromised during recovery. Since, recovery of the muscle from fatigue is quick, the twitches obtained at different contraction intensities will be at different points of recovery. Therefore, the interpretations that can be made from TMS for measuring Voluntary activation during recovery are limited.



Electromyographic Response to Cortical Stimulation

Surface EMG is often used in studies to monitor neuromuscular fatigue in real time, and analysis of EMG signals gives insight into the physiological mechanisms of fatigue. Studies in the past have shown that surface EMG activity increases linearly with force and that the increase in low frequency signals is characterized by fatigue (Gandevia, 2001). However, surface EMG signals measure compound muscle action potential at the muscle site and do not directly indicate the amount of “neural drive” to the muscles. This is because the muscle action potential (MAP) measured at the site is the result of superimposed MAPs of several muscle fibers and intracellular muscle fiber action potentials. Furthermore, these signals also depend on the conductivity of different muscle fiber types and local blood supply to the site. Therefore, EMG by itself is not a reliable indicator of upstream behavior and is used with nerve or cortical stimulation to measure spinal or supraspinal factors involved in neuromuscular fatigue (Carroll et al., 2001; Hunter et al., 2008; Sundberg et al., 2018). The following features of the EMG response along with cranial or nerve stimulation are used to quantify the mechanisms of fatigue:

1. Mmax: The electromyographic response obtained from the supramaximal stimulation of the motor nerve associated with the contracting muscle (Mmax) is the maximum potential that can be obtained from the site (Gandevia, 2001). Since Mmax represents the EMG response to maximal drive to the neuromuscular junction, other EMG responses from cortical stimulation or voluntary contraction are often measured against Mmax (Todd et al., 2003; Sundberg et al., 2018). Since the size of the evoked potential depends on muscle specific factors and electrode placement, the raw amplitude of each muscle must be normalized to the Mmax of that muscle to allow for comparison between individuals and before and after fatigue. (Todd et al., 2016). Mmax along with twitch amplitude can also indicate peripheral fatigue. For their study, (Søgaard et al. 2006) found that during submaximal contractions, the resting twitch decreased without any observed changed in Mmax, indicating that there was a decline in force generating capacity of the muscle without any decline in the neural drive.

2. Motor evoked potential (MEP): Supramaximal stimulation of the primary motor cortex using TMS produces a short-latency electromyographic response called MEP (Carroll et al., 2001; Todd et al., 2016). MEP is responsible for producing the twitch contraction used in interpolation. As the neural networks activated within the motor cortex include both excitatory and inhibitory axons, MEP represents a balance of both excitatory and inhibitory influences and is less than Mmax (Carroll et al., 2001). Since motoneuronal excitability increases with activity, the amplitude of MEP increases with contraction intensity (Ugawa et al., 1995). For the agonist muscle directly involved in generating force required to complete a task, the amplitude of MEP must be >50% Mmax and for the antagonist muscle producing the opposing force to the agonist, the MEP amplitude should be less than 20% Mmax for optimal twitch (Todd et al., 2016). MEP amplitude remains inhibited even after a non-fatiguing task, and the duration of post-exercise inhibition of MEP is longer for long duration, low intensity contractions as compared to high intensity contractions (Teo et al., 2012). This indicates that, corticomotor excitability post-exercise is reducing and this inhibition is prolonged for long duration, low intensity exercise.

3. Silent period: When an EMG response is evoked simultaneously with cortical stimulation, it is immediately followed by a period of no EMG activity known as the silent period. This silent period reportedly lasts for 100–300 ms and the lengthening of the silent period is often interpreted to indicate intracortical inhibition and therefore, supraspinal fatigue (Søgaard et al., 2006; Cogiamanian et al., 2007; Taylor and Gandevia, 2008). The length of the silent period indicates whether the activity of the inhibitory circuits in the motor cortex and the inhibition is mediated by the gamma-Aminobutyric acid (GABA) receptors, particularly, the GABAb receptors (Udupa, 2021). The silent period for the first 50–80 ms is considered to be due to inhibitions at the spinal level (Fuhr et al., 1991; Ziemann et al., 1993), whereas, if the silent period stretches for more than 100 ms, it is considered to reflect cortical inhibition (Søgaard et al., 2006). Yacyshyn et al. (2016) however, found that the influence of spinal factors on the silent period evoked by TMS is much longer than 150 ms. Therefore, the silent period alone cannot be used a measure of supraspinal fatigue and any interpretations and conclusions drawn from the silent period need to be backed by further evidence.

4. Short interval cortical inhibition: When a paired pulse TMS paradigm is used with a subthreshold condition stimulus followed by a suprathreshold test stimulus after 1–6 ms, the intracortical inhibitory circuits are activated that result in a stunted MEP. This phenomenon is called Short-Interval Cortical inhibition or SICI (Wagle-Shukla et al., 2009; Hunter et al., 2016). Evidence from present literature supports that SICI is caused by the trans-synaptic activation of the GABA circuits in the primary motor cortex which inhibit or reduce the neuronal excitability in the nervous system (Ziemann et al., 1996; Hanajima et al., 1998; Di Lazzaro et al., 2000). Studies have shown that SICI decreases with the onset of fatigue for both maximal and submaximal voluntary contractions (Benwell et al., 2006; Hunter et al., 2016). This phenomenon is not attributed to central fatigue but is seen as a central adaptation to motor tasks by reducing the inhibition of the motor cortex and ensuring adequate excitability as a response to fatigue. While, SICI is not a direct indicator of muscle fatigue, this metric is useful for understanding the adaptive strategies that might be adopted by the central nervous system to delay the onset of fatigue.

5. Intracortical facilitation: Intracortical facilitation is also achieved by a paired pulse TMS paradigm where the interval between the subthreshold stimulus and the suprathreshold test stimulus is 8–30 ms (Wagle-Shukla et al., 2009; Hunter et al., 2016). While, the mechanisms behind intracortical facilitation are not fully understood, Ni et al. (2007) hypothesized that multiple mechanisms both at cortical and spinal levels are likely responsible for this facilitatory effect. Therefore, ICF is not ideal for locating the mechanisms of fatigue as its interpretations are too confounding based on present literature.

While the features above have been extensively studied to understand the mechanisms of fatigue, sex differences in these features have also been studied. Sex differences have been found EMG signals of the lower extremity muscles during fatigue inducing exercise (Cioni et al., 1994; Clark et al., 2005). Pitcher et al. (2003) also found females to have a higher variability in MEP amplitude than males for hand muscles. However, Hunter et al. (2006) did not find sex differences in voluntary activation during exercise. No studies were found to have investigated Sex differences in SICI. Therefore, since there is some evidence of overall sex differences in EMG activity, sex differences for the above EMG features should also be studied.



Neuroimaging

While the techniques discussed before are efficient in identifying mechanisms of fatigue downstream of the descending voluntary drive from the motor cortex, they are not able to identify mechanisms upstream of this descending drive. Functional brain imaging techniques like electroencephalography (EEG), functional magnetic resonance imaging (fMRI), and functional near-infrared spectroscopy (fNIRS) have made it possible to study brain activity during neuromuscular performance and fatigue manifestation to bridge this gap (Liu et al., 2003; Alexandre et al., 2015; Rhee and Mehta, 2019). Just like EMG provides valuable information about the electrical activity in the muscle while performing a physical task and therefore, indirectly measures the level of neural drive reaching the muscle, brain imaging can capture the activity of the cortical regions involved in sending and regulating the neural drive descending from the primary motor cortex (M1). Brain imaging techniques can monitor cortical activity concurrently with neuromuscular performance which can provide a valuable insight into the central mechanisms of fatigue that TMS cannot provide as it cannot be used concurrently with physical tasks that are at a submaximal level. Of the brain imaging techniques, commonly used in studies on neuromuscular performance, fMRI allows for the greatest spatial resolution and is also capable of measuring cortical regions located deep into the skull (Rao et al., 1993). However, fMRI does not allow for ambulatory examinations or high temporal resolution as the participants need to be supine during fMRI scans (Zhu et al., 2019). While fNIRS is only able to measure hemodynamic activity in cortical regions closest to the brain, it allows for the greatest freedom of movement (Bunce et al., 2006; Zhu et al., 2019). Conversely, while EEG has a better temporal resolution than fNIRS, localization of source of activity is harder for EEG leading to poor spatial resolution (Blinowska and Durka, 2006). However, several source localization algorithms, like LORETA, BPNN, FOCUSS, and more widely used Bayesian techniques, have helped improving the spatial resolution of EEG (Asadzadeh et al., 2020). There are still some methodological challenges with these algorithms with respect to spatial accuracy, and susceptibility to noise. Additionally, EEG is also more susceptible to motion artifacts as compared to fNIRS and requires stronger artifact removal methods (Mehta and Parasuraman, 2013; Zhu et al., 2019). Therefore, taking into account, the advantages of fNIRS over other imaging techniques for functional studies involving movement, further review was conducted on the features that are extracted from hemodynamic activity of the cortical regions (that fNIRS measures). Figure 1C illustrates the method of measuring hemodynamic signal using fNIRS over the brain. The following are the relevant features that can be obtained from fNIRS:

1. Cortical activation: fNIRS measures activation in cortical regions by measuring the hemodynamic activity in that region. Studies measuring activation of different cortical regions concurrently with exercise performance and fatigue development have identified M1, the Supplementary and premotor areas (SMA, PM), the somatosensory cortex (S1) and the Prefrontal cortex (PFC) to be involved in motor performance (Liu et al., 2003; Rhee and Mehta, 2018). M1 and S1 are directly involved in the output and control of the descending drive (Liu et al., 2003), where M1 is directly responsible for the motor output and S1 controls the descending drive. SMA and PM are involved in motor planning and the involvement of these motor regions increases as complexity of the tasks increases (Tanji, 1994; Hoshi and Tanji, 2007). Additionally, the premotor areas have also shown to increase activation with increase in cognitive demands suggesting that these areas of the motor system get recruited in conditions to support cognitive functions (Küper et al., 2016; Marvel et al., 2019). The PFC is primarily involved in cognitive control and executive functions (Miller and Cohen, 2001) but PFC activity is also correlated with fatigue development (Rupp and Perrey, 2008; Rupp et al., 2013). As mentioned before, a potential explanation for this correlation is that the PFC co-ordinates with the premotor and other areas of the brain, and uses afferent feedback from the muscles to regulate exercise. Due to their involvement with exercise and/or the influence of cognitive perturbations on their activity, activation of the abovementioned cortical regions during exercise should be monitored to better understand the role of these regions in exercise performance and potential changes under the influence of stress.

2. Cortical connectivity: While cortical activation informs how cortical regions behave individually, cortical connectivity measures explain more about the ease with which the cortical regions communicate (Rubinov and Sporns, 2010; Nguyen et al., 2018). Functional connectivity measures the temporal correlation between brain regions and measures how the activity of different brain regions is functionally segregated or integrated (Friston, 1994). Most studies on neuromuscular performance have investigated functional connectivity (Liu et al., 2007; Karim et al., 2017; Rhee and Mehta, 2018). These studies have found that functional connectivity between motor regions decreases with the onset of fatigue (Figure 2). Studies have also found sex differences in functional and structural connectivity of the brain (Ingalhalikar et al., 2014; Rhee and Mehta, 2018). In undirected functional networks however, only the correlation between the activation of two regions is known, and the direction of the information flow between the two regions is not known. Also, it is difficult to determine if the correlated activity in two brain regions is because of mutual influence or due to common inputs from basic functional activity of the brain. These gaps can be bridged by calculating effective connectivity between regions by using techniques like granger causality or directional phase transfer entropy that help in determining the causal influence of one region of the brain on another (Ding et al., 2006; Urquhart et al., 2020).


[image: Figure 2]
FIGURE 2. Rhee and Mehta (2018), functional connectivity maps for males and females during submaximal (30% MVC) intermittent handgrip fatiguing protocol. The baseline period involves no physical exercise, the early period is from the early stages of exercise before the onset of fatigue and the late period is after the onset of fatigue during exercise. Color of each node depicts the strength of connectivity between regions. Nodes with solid lines indicate intra-hemispheric connectivity, and nodes with dotted lines indicate inter-hemispheric connectivity. Middle column shows the nodes where connectivity was significantly different between the sexes. The connectivity maps show that the strength of functional connectivity decreases with fatigue.





COGNITIVE STRESS AND ITS EFFECT ON THE BODY

Cognitive stress can be defined as the state when the environmental and task demands are perceived to be beyond individual capacity and there is a perceived threat to individual well-being if the demands are not met (Calvo and Gutierrez-Garcia, 2016). The physiological response to stress leads to the activation of two major systems in the body, the quick autonomic nervous system responsible for the “fight or flight response”, and the slower hypothalamus–pituitary–adrenal (HPA) axis (Vogel and Schwabe, 2016). The HPA activation leads to the release of cortisol from the adrenalin cortex which reaches peak concentration about 20-30 min after stress is induced (Joëls and Baram, 2009). Therefore, cortisol levels are often measured to confirm if stress is induced in an individual (Yoon et al., 2009; Keller-Ross et al., 2014a). Other physiological measures that are also used to measure stress response are skin conductance and heart rate variability (Jacobs et al., 1994; Taelman et al., 2009). The State portion of the State-Trait anxiety inventory (STAI), which is a subjective assessment technique (Spielberger, 2010), has also be used as an assessment of an individual's anxiety levels in previous work (Yoon et al., 2009; Keller-Ross et al., 2014a).


Potential Mechanisms of Fatigue Under Cognitive Stress

Cognitive stress and high cognitive demands are associated with higher rates of perceived exertion (Marcora et al., 2009), a decrease in force steadiness (Pereira et al., 2015) and enhanced EMG activity in muscles performing the physical task (Van Galen et al., 2002). Even in the absence of physical demand, cognitive stressors contribute to keeping low threshold motor units active which causes lack of muscle rest and can contribute to muscle pain (Lundberg et al., 2002). The effect of stress on force steadiness is dependent on the type of stressor and whether exercise is performed concurrently with stress or after stress. Stressors concurrently applied with exercise (like mental math) reduce force steadiness indicating poorer muscle control (Yoon et al., 2009), whereas social stressors like the Trier-Social Stress test have no impact on force variability (Shortz and Mehta, 2017). To understand the mechanisms behind fatigue under stress, the relative contributions of peripheral and central mechanisms need to be investigated. Increased sympathetic activity caused by stress induces electromyographic activity in low threshold motoneurons (Lundberg et al., 2002) and modulates muscle contractile properties and motor unit discharge rate (Roatta et al., 2008). This mechanism can potentially be responsible for increase in both peripheral or central fatigue.

Another potential cause for exacerbated neuromuscular fatigue under stress can be the effect of stress on brain activity. Cognitive stress impairs the functioning of the PFC (Arnsten, 2009), which is involved in neuromuscular performance as evidenced by several studies (Liu et al., 2003; Muthalib et al., 2013; Rhee and Mehta, 2018). According to Robertson and Marino (2016), the PFC may be involved in regulating and terminating exercise by interpreting and integrating the afferent feedback from the motor nerves and muscles through the anterior cingulate cortex, the orbitofrontal cortex, or the premotor areas. The claim of potential involvement of the PFC in regulating exercise tolerance is also supported by the fact that cognitive and emotional factors like self-motivation impact exercise performance (Barwood et al., 2015). Cognitive declines like mild cognitive impairments are also associated with low dexterity, impaired motor skills and even greater fatigue (Roalf et al., 2018; Suzumura et al., 2018; Kukla et al., 2021). Therefore, it is possible that the increased fatigability under stress is related to the temporary cognitive perturbation and stunted PFC activity caused by stress. However, no studies have investigated whether the stunted PFC activity during acute stress is directly or indirectly responsible for shorter endurance time.

Keller-Ross et al. (2014a) found that during sustained low intensity submaximal contractions, the loss in voluntary activation due to fatigue was the same with and without stress, but the time to task failure was shorter under stress. This indicates that while the relative contributions of central fatigue to neuromuscular performance were similar with and without stressor, central fatigue development was accelerated by the stressor. Furthermore, as voluntary activation was measured by the transcranial magnetic stimulation (TMS) of the motor regions, supraspinal factors were involved in central fatigue development. While the findings allude to supraspinal mechanisms being invoked in accelerated time to fatigue under stress, no studies have investigated if the same holds true for intermittent submaximal contractions that allow the progression of fatigue over a longer period of time. Also, the mechanisms behind the accelerated decline of the descending drive to the motoneurons are not established.



Role of Individual Factors

Neuromuscular performance and fatigability are highly variable between the sexes due to physiological differences. Males exhibit higher strength than females while females have exhibited higher endurance for submaximal contractions at levels relative to the strength of various muscle groups (Hicks et al., 2001; Hunter and Enoka, 2001; Hunter, 2014). Hunter and Enoka (2001) however have attributed higher endurance for females to lower absolute strength. Hunter (2014) has attributed sex differences in fatigability to not only muscle specific factors like muscle mass, blood perfusion to muscles, muscle fiber type, and metabolism but also to central mechanisms. These central mechanisms arise due to sex differences in both structural and functional aspects of the brain physiology (Ingalhalikar et al., 2014; Duan et al., 2018; Rhee and Mehta, 2018). Studies have already shown sex differences in neuromuscular fatigue under acute cognitive stress (Yoon et al., 2009) but it is not yet identified if these differences are caused by different mechanisms of fatigue for males and females. Therefore, any investigation on the mechanisms of fatigue under acute cognitive stress also needs to study potential sex differences in these mechanisms.

Conditions like old age and obesity have also shown to exacerbate the negative influence of concurrent stressors on neuromuscular performance where older and obese individuals had even shorter endurance time under acute stress (Mehta, 2015; Shortz and Mehta, 2017). Along with reduction in endurance time, age also exacerbates decrease in force steadiness at higher mental workload and anxiety levels (Vanden Noven et al., 2014). Studies have shown that the impairment of neuromuscular performance depends on the intensity of the stressor applied and that strength is a primary predictor of neuromuscular performance under stress which is characterized by a shorter endurance time (Yoon et al., 2009; Keller-Ross et al., 2014a). This means that a greater reduction in endurance time is observed in weaker individuals under acute stress, which is not observed under low intensity stress and observed to a lesser extent in stronger individuals. Apart from strength, sex, age, and obesity, other individual specific factors like physical activity and other chronic conditions are also known to influence neuromuscular performance (Allman and Rice, 2002; Almeida et al., 2008; Keller-Ross et al., 2014b; Urquhart et al., 2019). Therefore, the interaction of these individual specific factors with stress during neuromuscular performance should also be investigated.




CONCLUSION

The literature review was conducted with two aims. First, to identify and compare different methods of identifying mechanisms of fatigue. More focus was given on central and more importantly, supraspinal mechanisms of fatigue. Measurement of voluntary activation using TMS was found to be the most common way of identifying central (supraspinal) fatigue with further interpretation being provided by EMG activity of the involved muscles. However, TMS, nerve stimulation, and EMG alone cannot conclusively identify the supraspinal mechanisms of fatigue upstream of the descending drive. Current brain imaging techniques like fNIRS and ECG should be combined with the above-mentioned traditional methods to get a comprehensive understanding of the influence of cognitive stress on neuromuscular fatigue.

The second aim of the review was to identify what is currently known about the mechanisms of neuromuscular fatigue under stress. It was found that acute cognitive stress significantly reduces endurance time for low intensity contractions and this effect is dependent on contraction strength for sustained submaximal contraction and individual factures like sex, age, and obesity. Voluntary activation by cortical stimulation declines significantly faster under stress implicating supraspinal mechanisms of fatigue. Stress is also responsible for keeping low threshold motor units active even in the absence of physical effort. It was also found that stress leads to a stunted PFC activity which is also involved in neuromuscular performance and more particularly, exercise regulation. While there is substantial evidence that behaviorally, cognitive stress affects neuromuscular fatigue, little attention is paid to identify the central mechanisms of fatigue under stress. The behavior of motor cortical regions and the role of stunted PFC activity under acute stress in accelerated central fatigue has also not been investigated.



AUTHOR CONTRIBUTIONS

OT and RM contributed to the conception of the study and wrote sections of the manuscript. OT performed the review and drafted the first version of the manuscript. Both authors contributed to the manuscript revision, read, and approved the submitted version.



ACKNOWLEDGMENTS

We would like to acknowledge the efforts of Dr. Sandra Hunter for her insight and expert guidance that helped us perform this comprehensive review.



REFERENCES

 Alexandre, F., Derosiere, G., Papaiordanidou, M., Billot, M., and Varray, A. (2015). Cortical motor output decreases after neuromuscular fatigue induced by electrical stimulation of the plantar flexor muscles. Acta physiologica 214, 124–134. doi: 10.1111/apha.12478

 Allen, G., Gandevia, S., and McKenzie, D. (1995). Reliability of measurements of muscle strength and voluntary activation using twitch interpolation. Muscle Nerve 18, 593–600. doi: 10.1002/mus.880180605

 Allman, B. L., and Rice, C. L. (2002). Neuromuscular fatigue and aging: central and peripheral factors. Muscle Nerve 25, 785–796. doi: 10.1002/mus.10116

 Almeida, S., Riddell, M., and Cafarelli, E. (2008). Slower conduction velocity and motor unit discharge frequency are associated with muscle fatigue during isometric exercise in type 1 diabetes mellitus. Muscle Nerve 37, 231–240. doi: 10.1002/mus.20919

 Amann, M (2011). Central and peripheral fatigue: interaction during cycling exercise in humans. Med. Sci. Sports Exerc. 43, 2039–2045. doi: 10.1249/MSS.0b013e31821f59ab

 Arnsten, A. F (2009). Stress signalling pathways that impair prefrontal cortex structure and function. Nat. Rev. Neurosci. 10, 410–422. doi: 10.1038/nrn2648

 Asadzadeh, S., Rezaii, T. Y., Beheshti, S., Delpak, A., and Meshgini, S. (2020). A systematic review of EEG source localization techniques and their applications on diagnosis of brain abnormalities. J. Neurosci. Methods 339:108740. doi: 10.1016/j.jneumeth.2020.108740

 Barwood, M. J., Corbett, J., Wagstaff, C. R., McVeigh, D., and Thelwell, R. C. (2015). Improvement of 10-km time-trial cycling with motivational self-talk compared with neutral self-talk. Int. J. Sports Physiol. Perform. 10, 166–171. doi: 10.1123/ijspp.2014-0059

 Benedek, D. M., Fullerton, C., and Ursano, R. J. (2007). First responders: mental health consequences of natural and human-made disasters for public health and public safety workers. Annu. Rev. Public Health 28, 55–68. doi: 10.1146/annurev.publhealth.28.021406.144037

 Benwell, N. M., Sacco, P., Hammond, G. R., Byrnes, M. L., Mastaglia, F. L., and Thickbroom, G. W. (2006). Short-interval cortical inhibition and corticomotor excitability with fatiguing hand exercise: a central adaptation to fatigue? Exp. Brain Res. 170, 191–198. doi: 10.1007/s00221-005-0195-7

 Bigland-Ritchie, B., Jones, D., Hosking, G., and Edwards, R. (1978). Central and peripheral fatigue in sustained maximum voluntary contractions of human quadriceps muscle. Clin. Sci. Mol. Med. 54, 609–614. doi: 10.1042/cs0540609

 Blain, G. M., Mangum, T. S., Sidhu, S. K., Weavil, J. C., Hureau, T. J., Jessop, J. E., et al. (2016). Group III/IV muscle afferents limit the intramuscular metabolic perturbation during whole body exercise in humans. J. Physiol. 594, 5303–5315. doi: 10.1113/JP272283

 Blinowska, K., and Durka, P. (2006). “Electroencephalography (EEG),” in Wiley Encyclopedia of Biomedical Engineering. doi: 10.1002/9780471740360.ebs0418

 Bunce, S. C., Izzetoglu, M., Izzetoglu, K., Onaral, B., and Pourrezaei, K. (2006). Functional near-infrared spectroscopy. IEEE Eng. Med. Biol. Magaz. 25, 54–62. doi: 10.1109/MEMB.2006.1657788

 Calvo, M. G., and Gutierrez-Garcia, A. (2016). “Cognition and stress,” in Stress: Concepts, Cognition, Emotion, and Behavior, ed G. Fink (Elsevier), 139–144.


 Carroll, T. J., Riek, S., and Carson, R. G. (2001). Corticospinal responses to motor training revealed by transcranial magnetic stimulation. Exerc. Sport Sci. Rev. 29, 54–59. doi: 10.1097/00003677-200104000-00003

 Cioni, R., Giannini, F., Paradiso, C., Battistini, N., Navona, C., and Starita, A. (1994). Sex differences in surface EMG interference pattern power spectrum. J. Appl. Physiol. 77, 2163–2168. doi: 10.1152/jappl.1994.77.5.2163

 Clark, B. C., Collier, S. R., Manini, T. M., and Ploutz-Snyder, L. L. (2005). Sex differences in muscle fatigability and activation patterns of the human quadriceps femoris. Eur. J. Appl. Physiol. 94, 196–206. doi: 10.1007/s00421-004-1293-0

 Cogiamanian, F., Marceglia, S., Ardolino, G., Barbieri, S., and Priori, A. (2007). Improved isometric force endurance after transcranial direct current stimulation over the human motor cortical areas. Eur. J. Neurosci. 26, 242–249. doi: 10.1111/j.1460-9568.2007.05633.x

 Dekerle, J., Ansdell, P., Schäfer, L., Greenhouse-Tucknott, A., and Wrightson, J. (2019). Methodological issues with the assessment of voluntary activation using transcranial magnetic stimulation in the knee extensors. Eur. J. Appl. Physiol. 119, 991–1005. doi: 10.1007/s00421-019-04089-7

 Di Lazzaro, V., Oliviero, A., Meglio, M., Cioni, B., Tamburrini, G., Tonali, P., et al. (2000). Direct demonstration of the effect of lorazepam on the excitability of the human motor cortex. Clin. Neurophysiol. 111, 794–799. doi: 10.1016/S1388-2457(99)00314-4

 Ding, M., Chen, Y., and Bressler, S. (2006). “Granger causality: basic theory and application to neuroscience,” in Handbook of Time Series Analysis, eds B. Schelter, M. Winterhalder, and J. Timmer (Wienheim: Wiley), 451–474.


 Duan, X., Rhee, J., Mehta, R. K., and Srinivasan, D. (2018). Neuromuscular control and performance differences associated with gender and obesity in fatiguing tasks performed by older adults. Front. Physiol. 9:800. doi: 10.3389/fphys.2018.00800

 Eichelberger, T. D., and Bilodeau, M. (2007). Central fatigue of the first dorsal interosseous muscle during low-force and high-force sustained submaximal contractions. Clin. Physiol. Funct. Imaging 27, 298–304. doi: 10.1111/j.1475-097X.2007.00751.x

 Enoka, R. M., and Duchateau, J. (2008). Muscle fatigue: what, why and how it influences muscle function. J. Physiol. 586, 11–23. doi: 10.1113/jphysiol.2007.139477

 Friston, K. J (1994). Functional and effective connectivity in neuroimaging: a synthesis. Hum. Brain Mapp. 2, 56–78. doi: 10.1002/hbm.460020107

 Fuhr, P., Agostino, R., and Hallett, M. (1991). Spinal motor neuron excitability during the silent period after cortical stimulation. Electroencephalogr. Clin. Neurophysiol. 81, 257–262. doi: 10.1016/0168-5597(91)90011-L

 Gallagher, S., and Schall, M. C. Jr (2017). Musculoskeletal disorders as a fatigue failure process: evidence, implications and research needs. Ergonomics 60, 255–269. doi: 10.1080/00140139.2016.1208848

 Gandevia, S., Allen, G. M., Butler, J. E., and Taylor, J. L. (1996). Supraspinal factors in human muscle fatigue: evidence for suboptimal output from the motor cortex. J. Physiol. 490, 529–536. doi: 10.1113/jphysiol.1996.sp021164

 Gandevia, S. C (2001). Spinal and supraspinal factors in human muscle fatigue. Physiol. Rev. 81, 1725–1789. doi: 10.1152/physrev.2001.81.4.1725

 Gibson, A. S. C., and Noakes, T. (2004). Evidence for complex system integration and dynamic neural regulation of skeletal muscle recruitment during exercise in humans. Br. J. Sports Med. 38, 797–806. doi: 10.1136/bjsm.2003.009852

 Hanajima, R., Ugawa, Y., Terao, Y., Sakai, K., Furubayashi, T., Machii, K., et al. (1998). Paired-pulse magnetic stimulation of the human motor cortex: differences among I waves. J. Physiol. 509, 607–618. doi: 10.1111/j.1469-7793.1998.607bn.x

 Hanson, B., Steele Cooper, S., Tegarden, T., Tipton, L., Freeman, A. G., Davis, K. G., et al. (2021). The impact of emergency responder musculoskeletal injuries in the State of Ohio. Work 68, 1–8. doi: 10.3233/WOR-205065

 Hicks, A. L., Kent-Braun, J., and Ditor, D. S. (2001). Sex differences in human skeletal muscle fatigue. Exerc. Sport Sci. Rev. 29, 109–112. doi: 10.1097/00003677-200107000-00004

 Hoshi, E., and Tanji, J. (2007). Distinctions between dorsal and ventral premotor areas: anatomical connectivity and functional properties. Curr. Opin. Neurobiol. 17, 234–242. doi: 10.1016/j.conb.2007.02.003

 Hunter, S. K (2014). Sex differences in human fatigability: mechanisms and insight to physiological responses. Acta Physiol. 210, 768–789. doi: 10.1111/apha.12234

 Hunter, S. K., Butler, J. E., Todd, G., Gandevia, S. C., and Taylor, J. L. (2006). Supraspinal fatigue does not explain the sex difference in muscle fatigue of maximal contractions. J. Appl. Physiol. 101, 1036–1044. doi: 10.1152/japplphysiol.00103.2006

 Hunter, S. K., and Enoka, R. M. (2001). Sex differences in the fatigability of arm muscles depends on absolute force during isometric contractions. J. Appl. Physiol. 91, 2686–2694. doi: 10.1152/jappl.2001.91.6.2686

 Hunter, S. K., McNeil, C. J., Butler, J. E., Gandevia, S. C., and Taylor, J. L. (2016). Short-interval cortical inhibition and intracortical facilitation during submaximal voluntary contractions changes with fatigue. Exp. Brain Res. 234, 2541–2551. doi: 10.1007/s00221-016-4658-9

 Hunter, S. K., Todd, G., Butler, J. E., Gandevia, S. C., and Taylor, J. L. (2008). Recovery from supraspinal fatigue is slowed in old adults after fatiguing maximal isometric contractions. J. Appl. Physiol. 105, 1199–1209. doi: 10.1152/japplphysiol.01246.2007

 Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T. D., Elliott, M. A., Ruparel, K., et al. (2014). Sex differences in the structural connectome of the human brain. Proc. Natl. Acad. Sci. U. S. A. 111, 823–828. doi: 10.1073/pnas.1316909110

 Jacobs, S. C., Friedman, R., Parker, J. D., Tofler, G. H., Jimenez, A. H., Muller, J. E., et al. (1994). Use of skin conductance changes during mental stress testing as an index of autonomic arousal in cardiovascular research. Am. Heart J. 128, 1170–1177. doi: 10.1016/0002-8703(94)90748-X

 Joëls, M., and Baram, T. Z. (2009). The neuro-symphony of stress. Nat. Rev. Neurosci. 10, 459–466. doi: 10.1038/nrn2632

 Karim, H. T., Huppert, T. J., Erickson, K. I., Wollam, M. E., Sparto, P. J., Sejdić, E., et al. (2017). Motor sequence learning-induced neural efficiency in functional brain connectivity. Behav. Brain Res. 319, 87–95. doi: 10.1016/j.bbr.2016.11.021

 Keller-Ross, M. L., Pereira, H. M., Pruse, J., Yoon, T., Schlinder-DeLap, B., Nielson, K. A., et al. (2014a). Stressor-induced increase in muscle fatigability of young men and women is predicted by strength but not voluntary activation. J. Appl. Physiol. 116, 767–778. doi: 10.1152/japplphysiol.01129.2013

 Keller-Ross, M. L., Schlinder-Delap, B., Doyel, R., Larson, G., and Hunter, S. K. (2014b). Muscle fatigability and control of force in men with posttraumatic stress disorder. Med. Sci. Sports Exerc. 46, 1302–1313. doi: 10.1249/MSS.0000000000000244

 Kemeny, M. E (2003). The psychobiology of stress. Curr. Dir. Psychol. Sci. 12, 124–129. doi: 10.1111/1467-8721.01246


 Kirkendall, D. T (1990). Mechanisms of peripheral fatigue. Med. Sci. Sports Exerc. 22, 444–449. doi: 10.1249/00005768-199008000-00004


 Kowalski, K. L., and Anita, D. C. (2020). Force control and motor unit firing behavior following mental fatigue in young female and male adults. Front. Integr. Neurosci. 14:15. doi: 10.3389/fnint.2020.00015

 Kukla, B., Anthony, M., Chen, S., Turnbull, A., Baran, T. M., and Lin, F. V. (2021). Brain small-worldness properties and perceived fatigue in mild cognitive impairment. J. Gerontol. A Biol. Sci. Med. Sci. doi: 10.1093/gerona/glab084 [Epub ahead of print].

 Küper, M., Kaschani, P., Thürling, M., Stefanescu, M., Burciu, R., Göricke, S., et al. (2016). Cerebellar fMRI activation increases with increasing working memory demands. Cerebellum 15, 322–335. doi: 10.1007/s12311-015-0703-7

 Lentz, L., Randall, J. R., Gross, D. P., Senthilselvan, A., and Voaklander, D. (2019). The relationship between physical fitness and occupational injury in emergency responders: a systematic review. Am. J. Ind. Med. 62, 3–13. doi: 10.1002/ajim.22929

 Liu, J. Z., Lewandowski, B., Karakasis, C., Yao, B., Siemionow, V., Sahgal, V., et al. (2007). Shifting of activation center in the brain during muscle fatigue: an explanation of minimal central fatigue? Neuroimage 35, 299–307. doi: 10.1016/j.neuroimage.2006.09.050

 Liu, J. Z., Shan, Z. Y., Zhang, L. D., Sahgal, V., Brown, R. W., and Yue, G. H. (2003). Human brain activation during sustained and intermittent submaximal fatigue muscle contractions: an FMRI study. J. Neurophysiol. 90, 300–312. doi: 10.1152/jn.00821.2002

 Ljubisavljević, M., Milanović, S., Radovanović, S., Vukčević, I., Kostić, V., and Anastasijević, R. (1996). Central changes in muscle fatigue during sustained submaximal isometric voluntary contraction as revealed by transcranial magnetic stimulation. Electroencephalogr. Clin. Neurophysiol. 101, 281–288. doi: 10.1016/0924-980X(96)95627-1

 Lundberg, U., Forsman, M., Zachau, G., Eklöf, M., Palmerud, G., Melin, B., et al. (2002). Effects of experimentally induced mental and physical stress on motor unit recruitment in the trapezius muscle. Work Stress 16, 166–178. doi: 10.1080/02678370210136699


 Ma, L., Chablat, D., Bennis, F., Zhang, W., and Guillaume, F. (2010). A new muscle fatigue and recovery model and its ergonomics application in human simulation. Virtual Phys. Prototyp. 5, 123–137. doi: 10.1080/17452759.2010.504056


 Marcora, S. M (2008). Do we really need a central governor to explain brain regulation of exercise performance? Eur. J. Appl. Physiol. 104:929. doi: 10.1007/s00421-008-0818-3

 Marcora, S. M., Staiano, W., and Manning, V. (2009). Mental fatigue impairs physical performance in humans. J. Appl. Physiol. 106, 857–864. doi: 10.1152/japplphysiol.91324.2008

 Marvel, C. L., Morgan, O. P., and Kronemer, S. I. (2019). How the motor system integrates with working memory. Neurosci. Biobehav. Rev. 102, 184–194. doi: 10.1016/j.neubiorev.2019.04.017

 Matthews, G (2002). Towards a transactional ergonomics for driver stress and fatigue. Theor. Issues Ergon. Sci. 3, 195–211. doi: 10.1080/14639220210124120


 Mehta, R (2015). Impacts of obesity and stress on neuromuscular fatigue development and associated heart rate variability. Int. J. Obes. 39, 208–213. doi: 10.1038/ijo.2014.127

 Mehta, R. K (2016). Stunted PFC activity during neuromuscular control under stress with obesity. Eur. J. Appl. Physiol. 116, 319–326. doi: 10.1007/s00421-015-3283-9

 Mehta, R. K., and Agnew, M. J. (2012). Influence of mental workload on muscle endurance, fatigue, and recovery during intermittent static work. Eur. J. Appl. Physiol. 112, 2891–2902. doi: 10.1007/s00421-011-2264-x

 Mehta, R. K., and Parasuraman, R. (2013). Neuroergonomics: a review of applications to physical and cognitive work. Front. Hum. Neurosci. 7:889. doi: 10.3389/fnhum.2013.00889

 Mehta, R. K., and Parasuraman, R. (2014). Effects of mental fatigue on the development of physical fatigue: a neuroergonomic approach. Hum. Factors 56, 645–656. doi: 10.1177/0018720813507279

 Miller, E. K., and Cohen, J. D. (2001). An integrative theory of prefrontal cortex function. Annu. Rev. Neurosci. 24, 167–202. doi: 10.1146/annurev.neuro.24.1.167

 Muthalib, M., Kan, B., Nosaka, K., and Perrey, S. (2013). “Effects of transcranial direct current stimulation of the motor cortex on prefrontal cortex activation during a neuromuscular fatigue task: an fNIRS study,” in Oxygen Transport to Tissue XXXV (New York, NY: Springer), 73–79.


 Nguyen, T., Babawale, O., Kim, T., Jo, H. J., Liu, H., and Kim, J. G. (2018). Exploring brain functional connectivity in rest and sleep states: a fNIRS study. Sci. Rep. 8, 1–10. doi: 10.1038/s41598-018-33439-2

 Ni, Z., Gunraj, C., and Chen, R. (2007). Short interval intracortical inhibition and facilitation during the silent period in human. J. Physiol. 583, 971–982. doi: 10.1113/jphysiol.2007.135749

 Noakes, T. D (2010). “The central governor model and fatigue during exercise,” in Regulation of Fatigue in Exercise, ed Frank E. Marino (Hauppauge: Nova Science Publishers), 1–26.

 Orr, R., Simas, V., Canetti, E., and Schram, B. (2019). A profile of injuries sustained by firefighters: a critical review. Int. J. Environ. Res. Public Health 16:3931. doi: 10.3390/ijerph16203931

 Pereira, H. M., Spears, V. C., Schlinder-Delap, B., Yoon, T., Nielson, K. A., and Hunter, S. K. (2015). Age and sex differences in steadiness of elbow flexor muscles with imposed cognitive demand. Eur. J. Appl. Physiol. 115, 1367–1379. doi: 10.1007/s00421-015-3113-0

 Pitcher, J. B., Ogston, K. M., and Miles, T. S. (2003). Age and sex differences in human motor cortex input-output characteristics. J. Physiol. 546, 605–613. doi: 10.1113/jphysiol.2002.029454

 Rao, S. M., Binder, J., Bandettini, P., Hammeke, T., Yetkin, F., Jesmanowicz, A., et al. (1993). Functional magnetic resonance imaging of complex human movements. Neurology 43, 2311–2311. doi: 10.1212/WNL.43.11.2311

 Regehr, C., and LeBlanc, V. R. (2017). PTSD, acute stress, performance and decision-making in emergency service workers. J. Am. Acad. Psychiatry Law 45, 184–192. Available online at: http://jaapl.org/content/45/2/184.abstract

 Reichard, A. A., and Jackson, L. L. (2010). Occupational injuries among emergency responders. Am. J. Ind. Med. 53, 1–11. doi: 10.1002/ajim.20772

 Reynolds, C. A., and Wagner, S. L. (2008). Stress and first responders: the need for a multidimensional approach to stress management. Int. J. Disabil. Manag. 2:27. doi: 10.1375/jdmr.2.2.27


 Rhee, J., and Mehta, R. K. (2018). Functional connectivity during handgrip motor fatigue in older adults is obesity and sex-specific. Front. Hum. Neurosci. 12:455. doi: 10.3389/fnhum.2018.00455

 Rhee, J., and Mehta, R. K. (2019). “Quantifying brain hemodynamics during neuromuscular fatigue,” in Neuroergonomics, eds H. Ayaz and F. Dehais, (Elsevier), 175–180.


 Roalf, D. R., Rupert, P., Mechanic-Hamilton, D., Brennan, L., Duda, J. E., Weintraub, D., et al. (2018). Quantitative assessment of finger tapping characteristics in mild cognitive impairment, Alzheimer's disease, and Parkinson's disease. J. Neurol. 265, 1365–1375. doi: 10.1007/s00415-018-8841-8

 Roatta, S., Arendt-Nielsen, L., and Farina, D. (2008). Sympathetic-induced changes in discharge rate and spike-triggered average twitch torque of low-threshold motor units in humans. J. Physiol. 586, 5561–5574. doi: 10.1113/jphysiol.2008.160770

 Robertson, C. V., and Marino, F. E. (2016). A role for the prefrontal cortex in exercise tolerance and termination. J. Appl. Physiol. 120, 464–466. doi: 10.1152/japplphysiol.00363.2015

 Rubinov, M., and Sporns, O. (2010). Complex network measures of brain connectivity: uses and interpretations. Neuroimage 52, 1059–1069. doi: 10.1016/j.neuroimage.2009.10.003

 Rupp, T., Jubeau, M., Millet, G. Y., Wuyam, B., Levy, P., Verges, S., et al. (2013). Muscle, prefrontal, and motor cortex oxygenation profiles during prolonged fatiguing exercise. Adv. Exp. Med. Biol. 789, 149–155. doi: 10.1007/978-1-4614-7411-1_21

 Rupp, T., and Perrey, S. (2008). Prefrontal cortex oxygenation and neuromuscular responses to exhaustive exercise. Eur. J. Appl. Physiol. 102, 153–163. doi: 10.1007/s00421-007-0568-7

 Sandi, C (2013). Stress and cognition. Wiley Interdiscipl. Rev. Cogn. Sci. 4, 245–261. doi: 10.1002/wcs.1222

 Sawhney, G., Jennings, K. S., Britt, T. W., and Sliter, M. T. (2018). Occupational stress and mental health symptoms: examining the moderating effect of work recovery strategies in firefighters. J. Occup. Health Psychol. 23:443. doi: 10.1037/ocp0000091

 Shortz, A. E., and Mehta, R. K. (2017). Cognitive challenges, aging, and neuromuscular fatigue. Physiol. Behav. 170, 19–26. doi: 10.1016/j.physbeh.2016.11.034

 Shortz, A. E., Pickens, A., Zheng, Q., and Mehta, R. K. (2015). The effect of cognitive fatigue on prefrontal cortex correlates of neuromuscular fatigue in older women. J. Neuroeng. Rehabil. 12, 1–10. doi: 10.1186/s12984-015-0108-3

 Søgaard, K., Gandevia, S. C., Todd, G., Petersen, N. T., and Taylor, J. L. (2006). The effect of sustained low-intensity contractions on supraspinal fatigue in human elbow flexor muscles. J. Physiol. 573, 511–523. doi: 10.1113/jphysiol.2005.103598

 Spielberger, C. D (2010). “State-Trait anxiety inventory,” in Corsini Encyclopedia of Psychology, eds I. B. Weiner and W. E. Craighead. 1–1. doi: 10.1002/9780470479216.corpsy0943

 Sundberg, C. W., Kuplic, A., Hassanlouei, H., and Hunter, S. K. (2018). Mechanisms for the age-related increase in fatigability of the knee extensors in old and very old adults. J. Appl. Physiol. 125, 146–158. doi: 10.1152/japplphysiol.01141.2017

 Suzumura, S., Osawa, A., Maeda, N., Sano, Y., Kandori, A., Mizuguchi, T., et al. (2018). Differences among patients with Alzheimer's disease, older adults with mild cognitive impairment and healthy older adults in finger dexterity. Geriatr. Gerontol. Int. 18, 907–914. doi: 10.1111/ggi.13277

 Taelman, J., Vandeput, S., Spaepen, A., and Van Huffel, S. (2009). “Influence of mental stress on heart rate and heart rate variability,” in 4th European Conference of the International Federation for Medical and Biological Engineering (Berlin; Heidelberg: Springer).


 Tanji, J (1994). The supplementary motor area in the cerebral cortex. Neurosci. Res. 19, 251–268. doi: 10.1016/0168-0102(94)90038-8

 Taylor, J. L., Allen, G. M., Butler, J. E., and Gandevia, S. (2000). Supraspinal fatigue during intermittent maximal voluntary contractions of the human elbow flexors. J. Appl. Physiol. 89, 305–313. doi: 10.1152/jappl.2000.89.1.305

 Taylor, J. L., Amann, M., Duchateau, J., Meeusen, R., and Rice, C. L. (2016). Neural contributions to muscle fatigue: from the brain to the muscle and back again. Med. Sci. Sports Exerc. 48:2294. doi: 10.1249/MSS.0000000000000923

 Taylor, J. L., and Gandevia, S. C. (2008). A comparison of central aspects of fatigue in submaximal and maximal voluntary contractions. J. Appl. Physiol. 104, 542–550. doi: 10.1152/japplphysiol.01053.2007

 Taylor, J. L., Todd, G., and Gandevia, S. C. (2006). Evidence for a supraspinal contribution to human muscle fatigue. Clin. Exp. Pharmacol. Physiol. 33, 400–405. doi: 10.1111/j.1440-1681.2006.04363.x

 Teo, W.-P., Rodrigues, J. P., Mastaglia, F. L., and Thickbroom, G. W. (2012). Post-exercise depression in corticomotor excitability after dynamic movement: a general property of fatiguing and non-fatiguing exercise. Exp. Brain Res. 216, 41–49. doi: 10.1007/s00221-011-2906-6

 Todd, G., Taylor, J. L., and Gandevia, S. (2003). Measurement of voluntary activation of fresh and fatigued human muscles using transcranial magnetic stimulation. J. Physiol. 551, 661–671. doi: 10.1113/jphysiol.2003.044099

 Todd, G., Taylor, J. L., and Gandevia, S. C. (2004). Reproducible measurement of voluntary activation of human elbow flexors with motor cortical stimulation. J. Appl. Physiol. 97, 236–242. doi: 10.1152/japplphysiol.01336.2003

 Todd, G., Taylor, J. L., and Gandevia, S. C. (2016). Measurement of voluntary activation based on transcranial magnetic stimulation over the motor cortex. J. Appl. Physiol. 121, 678–686. doi: 10.1152/japplphysiol.00293.2016

 Udupa, K (2021). Transcranial magnetic stimulation in exploring neurophysiology of cortical circuits and potential clinical implications. Indian J. Physiol. Pharmacol. 64, 244–257. doi: 10.25259/IJPP_90_2020


 Ugawa, Y., Terao, Y., Hanajima, R., Sakai, K., and Kanazawa, I. (1995). Facilitatory effect of tonic voluntary contraction on responses to motor cortex stimulation. Electroencephalogr. Clin. Neurophysiol. Electromyogr. Motor Control 97, 451–454. doi: 10.1016/0924-980X(95)00214-6

 Urquhart, E. L., Wang, X., Liu, H., Fadel, P. J., and Alexandrakis, G. (2020). Differences in net information flow and dynamic connectivity metrics between physically active and inactive subjects measured by functional near-infrared spectroscopy (fNIRS) during a fatiguing handgrip task. Front. Neurosci. 14:167. doi: 10.3389/fnins.2020.00167

 Urquhart, E. L., Wanniarachchi, H., Wang, X., Liu, H., Fadel, P. J., and Alexandrakis, G. (2019). Mapping cortical network effects of fatigue during a handgrip task by functional near-infrared spectroscopy in physically active and inactive subjects. Neurophotonics 6:045011. doi: 10.1117/1.NPh.6.4.045011

 Van Galen, G. P., Müller, M. L., Meulenbroek, R. G., and Van Gemmert, A. W. (2002). Forearm EMG response activity during motor performance in individuals prone to increased stress reactivity. Am. J. Ind. Med. 41, 406–419. doi: 10.1002/ajim.10051

 Vanden Noven, M. L., Pereira, H. M., Yoon, T., Stevens, A. A., Nielson, K. A., and Hunter, S. K. (2014). Motor variability during sustained contractions increases with cognitive demand in older adults. Front. Aging Neurosci. 6:97. doi: 10.3389/fnagi.2014.00097

 Vogel, S., and Schwabe, L. (2016). Learning and memory under stress: implications for the classroom. npj Sci. Learn. 1, 1–10. doi: 10.1038/npjscilearn.2016.11

 Wagle-Shukla, A., Ni, Z., Gunraj, C. A., Bahl, N., and Chen, R. (2009). Effects of short interval intracortical inhibition and intracortical facilitation on short interval intracortical facilitation in human primary motor cortex. J. Physiol. 587, 5665–5678. doi: 10.1113/jphysiol.2009.181446

 Wright, R. A (1996). “Brehm's theory of motivation as a model of effort and cardiovascular response,” in The Psychology of Action: Linking Cognition and Motivation to Behavior, eds. P. M. Gollwitzer, J. A. Bargh (New York, NY: The Guilford Press), 424–453.

 Yacyshyn, A. F., Woo, E. J., Price, M. C., and McNeil, C. J. (2016). Motoneuron responsiveness to corticospinal tract stimulation during the silent period induced by transcranial magnetic stimulation. Exp. Brain Res. 234, 3457–3463. doi: 10.1007/s00221-016-4742-1

 Yoon, T., Keller, M. L., De-Lap, B. S., Harkins, A., Lepers, R., and Hunter, S. K. (2009). Sex differences in response to cognitive stress during a fatiguing contraction. J. Appl. Physiol. (1985) 107, 1486–1496. doi: 10.1152/japplphysiol.00238.2009

 Yu, Y., Li, H., Yang, X., Kong, L., Luo, X., and Wong, A. Y. (2019). An automatic and non-invasive physical fatigue assessment method for construction workers. Autom. Construct. 103, 1–12. doi: 10.1016/j.autcon.2019.02.020


 Yun, H. J (2016). Effect of stress and sleep quality on mental health of adolescents. J. Korean Soc. School Health 29, 98–106. doi: 10.15434/kssh.2016.29.2.98


 Zhu, Y., Rodriguez-Paras, C., Rhee, J., and Mehta, R. K. (2019). Methodological approaches and recommendations for functional near-infrared spectroscopy applications in HF/E research. Hum. Factors 62, 613–642. doi: 10.1177/0018720819845275

 Ziemann, U., Lönnecker, S., Steinhoff, B. J., and Paulus, W. (1996). The effect of lorazepam on the motor cortical excitability in man. Exp. Brain Res. 109, 127–135. doi: 10.1007/BF00228633

 Ziemann, U., Netz, J., Szelényi, A., and Hömberg, V. (1993). Spinal and supraspinal mechanisms contribute to the silent period in the contracting soleus muscle after transcranial magnetic stimulation of human motor cortex. Neurosci. Lett. 156, 167–171. doi: 10.1016/0304-3940(93)90464-V

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Tyagi and Mehta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnrgo-02-779069-t001.jpg
S.no.  Muscle and contraction type

1 Brief 8s MVCs of plantar flexion for testing.
Fatigue achieved by repeated electrical
nerve stimulation to the plantar flexors

2 Intermittent maximal voluntary abduction
of the index finger with duty cycle 70% for
10min

3 Sustained isometric index finger abduction

at 45, 60, and 75% MVC. Brief 55 MVC
before and after exercise for testing

4 Sustained isometric elbow flexion with rms
EMG maintained at initial level of at 25%
MVG for 10min, Brief MVCs

5 Sustained (225 ¢) and intermittent (duty
cycle of 67%; 960s) isometric handgrip
contractions at 30% MVC

6 Maximal isometric elbow flexion sustained
for 3min and brief MVCs

7 Sustained submaximal isometric elbow
flexion at 15% MVG for 48 min with brief
MVCs in between (every 3 min)

8 Intermittent maximal isometric elbow
flexion with duty cycle 50, 60, 75, and
85.7%

9 Sustained maximal isometric elbow flexion

for fatigue and brief submaximal flexion at
90, 75, 50, and 25% MVC

Instrumentation

Force transducer, surface EMG of the
soleus and tibialis anterior muscles, nerve
stimulation, cortical activity of M1, S1, and
PFC

Force transducer, EMG from the FDI and
ADM muscles, motor nerve stimulation to
the ulnar nerve, TMS over the motor
cortex.

Force transducer, percutaneous
stimulation to the FDI

Force transducer, EMG of the biceps
brachii, stimulation of the Brachial plexus,
™S

Force transducer, surface EMG of the
handgrip flexor muscles, MRI

Force transducer, percutaneous
stimulation of biceps brachii, TMS over the
left M1 and sphygmommanormeter cuff to
maintain muscle fatigue by ischemia

Force transducer, motor nerve stimulation
to the brachial plexus, TMS over the motor
cortex, and surface EMG at biceps,
triceps, and brachioradialis

Force transducer, TMS over the motor
cortex, and surface EMG at biceps and
brachioradialis

Force transducer, motor nerve stimulation
to the brachial plexus, TMS over the motor
cortex, and surface EMG at biceps, and
triceps

Measurements and their behavior with fatigue

. MVC torquel
. ms EMGY,

. Area under the curve for HBO for S14, M1 and PFC
. Area under the curve for HBR for S11, M1t and PFC
. MVC torque}

Miax

. MEP ampitude in FDIJ and ADM

sicly

. MVC torquel

. Time to task failure (§ with MVC level)

. VAL (only for 30% MVC)

ms EMG

MEP (measured as % Mmax)

Mumax

sicly

. ICFy

Sustained Contractions:

1. EMG (averaged over 251)

2. Force (averaged over 25)

3. Brain activation for Mi1, S11, PFCt, SMA?, CG#,
and CBL

Intermittent Contractions:

1. EMG (averaged over 255)

2. Force (averaged over 255)|

3. Brain activation for M11, §11, PFC1, SMA CG
and CBL

1. MVC force),

2. VAL

Recovery with ischemia

. MVC force (did not recover)

. VA (did not recover)

. VAfrom TMS} and nerve stimulation}

RPEY

Miax

MEP areat

. Silent period lengtht

ms EMG

. MVC torque}

. TMS evoked twitch?

. MEP amplitude

. Silent period lengtht

. VA from TMS (twith contraction intensity) and nerve

stimulation (twith contraction intensity)

2. Superimposed twitch from  TMSt and nerve
stimulationt (for maximal efforts)

3. Mrax

4. MEP amplitude from biceps (arge) and

triceps (negligible)

OrONDS OGNS AONS RGNS

A RONS PORON S P

To make the results comparable, only studies on healthy populations were included. The references are as follows: 1 (Alexandre et al., 2015), 2 (Benwell et al., 2006), 3 (Eichelberger

and Bilodeau, 2007), 4 (Hunter

al, 2016), 5 (Liu et al, 2003), 6 (Gandevia et al, 1996), 7 (Sogaard et al, 2006), 8 (Taylor et al, 2000), 9 (Todld et al,, 2003). The abbreviations used

in the table are—abductor digiti minimi (ADM), cerebellum (CBL), cingulate gyrus (CG), deoxy-hemoglobin (HBR), first dorsal interosseous (FDI), motor cortex (MT1), oxy-hemoglobin
(HBO), prefrontal cortex (PFC), rating of perceived effort (RPE), root mean square EMG (rms EMG), somatosensory cortex (S1) and Voluntary Activation (VA). | denotes ‘reduced” and

| denotes ‘increased.”
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