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Abstract Emerging data suggest that the DLPFC is involved in several psychological and physiological 

processes during execution of movements, and is highly active during fatiguing muscular activity. However, 

it is unclear if DLPFC activity is related to peripheral fatigue developed in ischemic conditions. Thus, the 

purpose of this study was to evaluate the correlation between DLPFC activity and developed peripheral fatigue 

under provoked ischemia of the ED muscle in a repeated computer typing test. Root mean square (RMS) 

amplitude for the ED, total hemoglobin (tHb) concentration and the difference between oxyhemoglobin and 

deoxyhemoglobin (Hbdiff) of the DLPFC were measured and used for comparative and correlational analysis. 

The novel finding was that both the DLPFC activity and peripheral fatigue increased during the repeated typing 

test (p<0.05), but these changes were not correlated with each other. However, it remains to be elucidated if 

the duration of the typing test has a mediating effect, as we observed no plateau or drop in neither the mean 

DLPFC tHb or Hbdiff concentrations during the typing test. Having a greater understanding where and how 

muscle fatigue is regulated during computer typing, may help us find better strategies to prevent overuse 

injuries and musculoskeletal pain in the general adult’s population, as more people are becoming more 

dependent on computers for work and in their leisure time. Hence, future studies should therefore replicate this 

study with a longer test duration, but also include a variety of computer tasks, to simulate how computers are 

used in practice among different populations.  

Keywords: Muscle fatigue; electromyography; near infrared spectroscopy; musculoskeletal pain; computer 

typing. 

1. INTRODUCTION 

The prefrontal cortex (PFC) is usually associated with its key role in executive functioning, such as decision 

making, problem-solving, planning, and suppressing impulsive behavior [1, 2]. However, a growing body of 

evidence suggest that the PFC is also involved with several psychological and physiological processes during 

execution of movements [2–4]. One region of the PFC that has attracted a great amount of research interest 

lately is the dorsal lateral prefrontal cortex (DLPFC) [2, 5]. The DLPFC is one of the most recent evolved parts 

of the human brain [2] and has been found to play a central role for goal-driven attention [6], novelty-seeking 

[6], and motor planning (i.e., movement planning for achieving a goal [7, 8].  
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It is located around the anterior mid-frontal gyrus (Brodmann area 46) [8, 9] and through its functional neural 

network, the DLPFC is connected to various subcortical regions, including the basal ganglia [2], hippocampus 

[2], and thalamus [1, 2], allowing the DLPFC to effectively received sensory input, communicate with these 

regions and regulate their activity according to situational demands [2]. During exhaustive and fatiguing 

muscular activity, the primary motor cortex (M1), supplementary motor areas (SMA) and DLPFC has been 

shown to be highly active [1–3]. This higher activity in the M1 and SMA during exercise has been attributed 

to increased motor output [3, 9], as a means to compensate for fatiguing muscles, through increasing voluntary 

force [10]. Conversely, the activity of the DLPFC has been related to the level of internal motivation during 

fatiguing muscular activity [9, 11]. 

 

However, findings from neurophysiological [4, 8] and neuroimaging studies [9, 12] also suggest that the 

DLPFC may be involved in regulating muscle fatigue via a facilitation and inhibition system in the central 

nervous system (CNS), that alters the motor output from the motor cortex (i.e., M1, SMA and other motor-

related areas) to the peripheral system [4]. The sensory feedback from muscle nociceptive (groups III and IV) 

afferents has been proposed to attenuate the descending motor output from the motor cortex during fatiguing 

muscular activity [10]. The group III/IV muscle afferents have been shown to be stimulated by the buildup of 

intramuscular metabolites [13], which at sufficiently high levels leads to muscle fatigue [13], via for instance 

compromising the excitation–contraction coupling mechanism in the muscle [14], and simultaneously limiting 

descending motor drive to the muscle, via inhibiting spinal motoneuronal output [13]. Generally, muscle 

fatigue can be defined as the failure to maintain a specified force output or work rate during muscular activity 

[15], and has indirectly been measured with electromyography (EMG)/surface electromyography (sEMG) [16] 

and near infrared spectroscopy (NIRS)/functional near infrared spectroscopy (fNIRS) [17], due to their 

convenient non-invasive methodology. The root mean square (RMS) values from the EMG amplitude (i.e., 

myoelectric activity) and frequency domain variables, such as median frequency and mean power frequency 

(MPF), are commonly used to examine muscle fatigue from the recorded EMG signal [18]. Similarly, 

hemodynamic variables, such as total hemoglobin (tHb), oxygenated-Hb (O2Hb), deoxy-Hb (HHb) and the 

difference between O2Hb and HHb (Hbdiff) from the NIRS signal are considered acceptable surrogates for brain 

activity [3, 19, 20], as brain activity is highly dependent on the supply of oxygen [1]. 

 

Traditionally, muscle fatigue has also been divided into two component, peripheral and central fatigue [9, 17], 

with peripheral fatigue referring to the biochemical and metabolic changes within working muscles leading to 

reduced force/power output [15], and central fatigue representing a progressive reduction in voluntary 

activation or descending motor drive to the muscles [15]. Since central fatigue and brain activity is highly 

sensitive to low brain oxygenation, monitoring changes in cerebral oxygenation has been performed to improve 

our understanding of the fatiguing  process during exercise [1, 3]. For example, a recent NIRS study by Kojma 

and co-workers [3] observed that the concentration of O2Hb and THb increased in the PFC, SMA and M1, but 

the increase in each hemoglobin level in the PFC during an incremental exercise was faster than the motor-

related areas, suggesting that the PFC may be more involved in regulating performance and muscle fatigue 

during the early phase of exercise. Moreover, while there is emerging evidence that the DLPFC is related to a 

facilitation and inhibition system in the CNS during fatiguing muscular activity [4, 8, 9, 12] and peripheral 

muscle fatigue is regulated from the motor cortex [15], via the sensory feedback from group III/IV afferents 

[10], it is unclear if this central regulation of peripheral fatigue is correlated with the activity of the DLPFC. 

Common methods to activate and investigate the group III/IV muscle afferents, include inducing localized 

muscle pain via ischaemia, systematic chemical injections, or the use of hypertonic saline injections [15]. 

However, findings from in vivo studies conducted in mice [15] and in humans [13, 15] suggest that one subtype 
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of metabosensitive group III/IV muscle afferents, called metabonociceptors, only respond to very high 

(painful) levels of intramuscular metabolites seen in ischemic conditions[13, 15], or following hypertonic 

saline infusions [15].  

 

Noteworthy, the forearm muscles have in computer workers been reported to be predispose to localized muscle 

pain [21] and overuse injuries [22], and this has suggested to be related to muscle ischemia, due to prolonged 

periods of repetitive contractions during computer typing [23]. The extensor digitorum (ED) muscle of the 

forearm has commonly been studied during simulated computer work [24, 25], as it is been reported to be more 

susceptible to muscle fatigue than other forearm muscles during repetitive typing [26], and may also be prone 

to musculoskeletal pain in the adult population [27], as more people are becoming dependent on computers for 

work [28] and in their leisure time [27]. Furthermore, using blood flow occlusion, to acutely induce muscle 

ischemia, has also been found to be an effective method for rapidly developing peripheral and central fatigue 

[18]. For example, a study by Broxterman and colleagues [18] found that blood flow occlusion exacerbated 

the development of both peripheral and central fatigue, with notably lower median frequency of the right flexor 

digitorum superficialis, during the first two minutes of a handgrip test to exhaustion, compared to a control 

trial. However, the activity in DLPFC and ED muscle was not examined in this study, leaving an uncertainty 

if the exacerbated peripheral and central fatigue observed in ischemic conditions is correlated with the activity 

of the DLPFC during computer typing.  

 

Therefore, the aim of this study was to evaluate the correlation between DLPFC activity and developed 

peripheral fatigue under provoked ischemia of the ED in a repeated computer typing test. Three hypotheses 

were proposed: 1) the mean RMS amplitude of ED will differ between the start and end of the typing test, 2) 

the mean DLPFC tHb and Hbdiff   concentrations will be different between the three selected time points (0-

20sec, 100-120sec, 120-140sec), and 3) the rate of change (Δ) in RMS of the ED (ΔRMSED) and mean power 

frequency of the ED (ΔMPFED) will be correlated, and changes in these EMG parameters will also be correlated 

with the changes in tHb of the DLPFC (ΔtHbDLPFC) during typing with sphygmomanometer (occlusion) cuffs.  

2. MATERIALS AND METHODS  

2.1. Ethical Approval 

 

All experimental protocols and procedures followed the principles of the Declaration of Helsinki and were 

approved by the Bioethics committee, Department of Physical Education and Sports Science, University of 

Thessaly. 

 

2.2. Subjects 

  

Healthy adult subjects (male = 3; female = 7, mean ± SD; age 30.2±2.8; body mass index 22.35± 3.35) 

volunteered to participate in this study after providing a written consent and completing a pre-test medical 

questionnaire. Additionally, the subjects were also given an oral and written explanation of the testing 

procedures. The subjects were free from musculoskeletal problems, had no pathological condition, were non-

smokers, non-heavy drinkers and were not taking any drugs. 
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2.3. Experimental Procedures 

 

Subjects were instructed to refrain from any caffeinated beverages for at least 12h before the experimental 

testing. The experiment and the measurements lasted two days and were carried out at the Laboratory of 

Biomechanics and Ergonomics, ErgoMech Lab – DPESS / Physical Education and Sport Science, of 

University of Thessaly. One day prior to the initial testing, the subjects visited the laboratory for demonstration 

and familiarization of the testing procedures. The ambient temperature and relative humidity of the laboratory 

were maintained at 22-24°C and of 50-55%, respectively. For this study, a height adjustable office chair was 

used, and all subjects came into the laboratory individually. The height of the chair was adjusted to form a 90° 

angle with the subjects’ forearm on the desk, when they were sitting on the chair. Afterwards, the subjects 

were instructed to repeatedly type the "A" button on keyboard of a laptop placed on the desk using only the 

middle finger of the right hand, and keeping their forearm stationary on the desk (see Figure 1).  

 

 

Figure 1. Collection and recording of EMG and fNIRS data during the repeated typing test. 

 

 

Table 1. Characteristics of the subjects 

 

Characteristics (Value) 

Age (years) 30.2 ± 2.8 

Height (cm)  1.70 ± 7.0 

Weight (kg) 66.6 + 14.4 

Note: SD = Standard Deviation  
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2.4. Fatigue Protocol and Experimental Measurements 

 

After the described preparation, an analog sphygmomanometer (occlusion) cuff was bandaged around the 

brachial region of each subject’s right arm, with the pump valve closed. The cuff was placed with the aim of 

rapidly developing a high degree of peripheral muscle fatigue in the ED via occluding brachial artery blood 

flow and inducing ischemia. The duration of the typing test was set for two minutes, as this has been shown to 

be adequate to induce both central and peripheral fatigue [16]. The subject was instructed to breathe at a normal 

pace, to be focused, keep their eyes on open and hold the rest of their body still, and to place the middle finger 

of their right hand on the "A" button. After inflating the occlusion cuff to a pressure gauge > 33mmHg, the 

subject was instructed to begin the test.  

 

During the test, DLPFC hemodynamics were monitored continuously with a functional NIRS (fNIRS) device 

and parallelly, ED activation was monitored with sEMG. The variation in myoelectric activity of ED and 

DLPFC hemodynamics were quantified during the typing test (0-120s), with an additional quantification of 

twenty seconds after the test (120-140s) for the DLPFC hemodynamics. Throughout the test there were verbal 

encouragement towards the participant. At the end of the test, the subjects were instructed to stop typing and 

stay calm, while the pump valve were simultaneously unscrewed to release the air from the cuff. This recovery 

period (reperfusion phase) lasted twenty seconds and was conducted to examine the cerebral hemodynamic 

response pattern during acute ischemia–reperfusion in the forearm, which is a physiological state that has been 

linked to localized muscle pain [29] and sensitization of group III/IV afferents in mice models [29]. 

Subsequently, the subject was disconnected from all measuring instruments. 

 

2.5. Electromyography (EMG) 

 

 A wireless EMG system (Myon AG, Schwarzenberg, Switzerland) was used to examine the changes in the 

myoelectric activity of the ED muscle. The skin was prepared, before the electrodes were applied. The sEMG 

bipolar electrodes were placed on the skin of the right forearm with an interelectrode distance of 20 mm and 

paralleled to the direction of the muscle fibers, in accordance with previous studies [24, 26]. The EMG signal 

was than processed and smoothened by band-pass filtering at 10-400 Hz (4th order Butterworth filter). A Fast 

Fourier Transform (FFT) window analysis was applied to determine the cut off frequencies. Moreover, the 

FFT was also used to obtain the MPF. The signal amplitude of sEMG was rectified and calculated as RMS 

values.  

 

Muscle fatigue of the ED was estimated and calculated as the percentage difference in RMS amplitude during 

the first twenty (RMSstart) and last twenty seconds (RMSend) of the typing test. The RMS amplitude growth rate 

(RMS%) and the frequency drop rate (MPF%) of the ED was also calculated from the same recorded EMG 

signal. The MPF% was also used to confirm the presence of peripheral muscle fatigue in ED, as changes in 

EMG frequency domain variables are strongly associated with muscle fiber conduction velocity (MFCV) [30], 

which in turn has been found to be related to changes in intracellular pH, and consequently peripheral fatigue 

[31]. Subsequently, these signal calculations were used for statistical analysis.  
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2.6. Near-Infrared Spectroscopy (NIRS) 

 

A portable fNIRS system (Portalite, Artinis Medical Solutions, Netherlands) were applied to monitor changes 

in total hemoglobin (tHb) and the difference between O2Hb and HHb [Hbdiff = O2Hb –HHb] of the DLPFC.  

The NIRS probe was placed in the Brodmann 46 region on the right DLPFC (see Perlman and colleagues 

(2016)), which has been proposed to be more involved in regulating muscle fatigue [9]. Subsequently, the 

NIRS probe was fixed with adhesive tape and a dark elastic bandage around the head to avoid external light 

and artifacts. Throughout the test, brain perfusion and myoelectric activity were continuously monitored using 

both the fNIRS and an sEMG respectively.  

 

In the present study, tHb was used an indicator of DLPFC activity, while the Hbdiff  (i.e., oxygen supply vs 

demand) was predominately used as a marker of oxygenation in the DLPFC. This was based on previous 

findings suggesting that tHb reflects changes in tissue blood volume within the target area [32], and thus could 

be used to estimate brain activity [19] Conversely, the Hbdiff has been shown to be the most sensitive measure 

of cerebral oxygenation, as it is strongly correlated to mean arterial pressure and cerebral blood flow [20]. 

Hence, changes in cerebral Hbdiff has also been used as an indicator of brain activity during exercise [20].  

 

2.7. Statistical Analysis  

 
The data are presented as means ± standard deviations (SD) unless otherwise stated. The differences between 

the pre-test and post-test measurements were normally distributed and was checked using the Shapiro–Wilk 

test. To examine hypothesis 1, a paired t-tests were carried out to compare the mean RMS amplitude of the ED 

at the beginning (RMS start) and at the end (RMSend) of the typing test. Further, to examine hypothesis 2, a one-

way repeated ANOVA was conducted to compare differences in the mean DLPFC tHb and Hbdiff 

concentrations for the three selected time points (0-20sec, 100-120sec, 120-140sec), respectively. If significant 

differences were detected, LSD was used for post-hoc analysis. In addition, Greenhouse Geisser corrections 

were used if the assumption of sphericity was not met. Lastly, to examine hypothesis 3, a Pearson correlation 

coefficient was performed to examine the correlation between the ΔRMSED, ΔMPFED, and ΔtHbDLPFC, 

respectively. The primary data was analyzed in MATLAB® (R2015b, Mathworks Inc., Natick, MA, USA) 

and remaining data was analyzed using SPSS ver. 27.0 statistical program for Windows (SPSS Software, IBM 

Inc., Chicago, IL, USA). The level of significance was set at p < 0.05, with a confidence level (C.I.) set at 

95%. 

3. RESULTS  

3.1. Myoelectric Activity and Peripheral Fatigue (Hypothesis 1) 

 
A paired t-test revealed that there was a significant difference in the average RMS amplitude of the ED from 

the start to the end of the repeated test, t(9) = -6.083, p<.001. The mean RMSstart was significantly lower (M 

=.172, SD = .050) compared to the mean RMSend (M = .396, SD = .140), mean difference = -.224, 95% CI [-

.307, -.140] (see Figure 2). The mean RMS% of the ED increased during the typing test by 53.7%, while the 

mean MPF% decreased by 56,6% (see Figure 3).  
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Figure 2. Bar graph (with subject data points) of the mean differences in the myoelectric response between the 

first and last twenty seconds of the typing test. * = p<.001 compared to the first twenty seconds of the test. 

 

 

Figure 3. Descriptive statistical characteristics of the frequency drop rate (MPF%) of the ED, calculated from 

the recorded EMG signals (0-20sec, 100-120sec). 

 

3.2. Cerebral Hemodynamics (Hypothesis 2) 

 

3.2.1. Changes in DLPFC tHb (brain activity) 

 

A one-way repeated ANOVA test determined that mean DLPFC tHb concentration differed statistically 

significantly between all-time points, F(2,18)=9.598, p<.001. Post hoc analysis revealed that the tHb 

concentration was significantly higher in the last twenty seconds of the typing test (M =2.031, SD = 1.060) 

compared to the first twenty seconds (M =.811, SD = .25), mean difference = 1.221, 95% CI [.379, 2.063], p  
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= .010, and twenty seconds after the test (M = 1.812, SD = .989), mean difference = .214, 95% CI [.123, .305], 

p <.001. Additionally, the tHb concentration was significantly higher twenty seconds after the typing test, 

compared to the first twenty seconds of the test, mean difference = 1.007, 95% CI [.205, 1.808], p =.019. The 

above results are presented in Figure 4. 

 
Figure 4. Bar graph (with subject data points) of the mean differences in the tHb response pattern during the 

test, with cuff-induced ischemia (tHb0-20, tHb100-120) and during acute ischemia–reperfusion (tHb100-120, 

tHb120-140). * = p<.05 compared to tHb0-20; § = p<.05 compared to tHb120-140. 

 

3.2.2. Changes in DLPFC Hbdiff (Cerebral Oxygenation)  

 

A one-way repeated ANOVA test showed that mean DLPFC Hbdiff concentration differed statistically 

significantly between the time points, F(2,18)=22.382, p<.001. Post hoc analysis revealed that the Hbdiff 

concentration was significantly lower in the first twenty seconds of the typing test (M =.348, SD = .458) 

compared to the last twenty seconds (M =2.827, SD = 1.6), -2.479, 95% CI [-3.588, -1.371], p <.001, and 

twenty seconds after the test (M = 2.758, SD = 1.734), mean difference = -2.410, 95% CI [-3602, -1.219], p 

<.001. There were no significant differences between the last twenty seconds of the typing test and twenty 

seconds after the test, mean difference = .069, 95% CI [-.223, .362], p =.605. The results are presented in 

Figure 5. 

3.3. Relationship Between EMG and Cerebral Hemodynamic Responses (Hypothesis 3) 

 

The Pearson correlation coefficient revealed that there was no relationship between the ΔRMSED, the  ΔMPFED, 

and the ΔtHbDLPFC respectively during the typing test with occlusion cuffs (p> .05). Specifically, the ΔRMSED 

had no correlation with ΔMPFED  (r=.168, p=.643), and ΔtHbDLPFC (r=.316, p=.374). Further, the ΔMPFED had 

no correlation with ΔtHbDLPFC (r=.-379, p=.280). 
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Figure 5. Bar graph (with subject data points) of the mean differences in the Hbdiff response pattern during the 

test, with cuff-induced ischemia (Hbdiff0-20, Hbdiff100-120) and during acute ischemia–reperfusion (Hbdiff100-120, 

Hbdiff120-140). * = p<.001 compared to Hbdiff0-20. 

4. DISCUSSION   

The purpose of this study was to evaluate the correlation between DLPFC activity and developed peripheral 

fatigue under provoked ischemia of the ED muscle in a repeated computer typing test. The main findings were 

that myoelectric activity of the ED muscle increased from the start to the end of the typing test with occlusion 

cuffs, and there was a concomitant drop in MPF (see figure 2-3), confirming the presence of peripheral fatigue. 

In addition, the concentration of tHb and Hbdiff was significantly higher in the DLPFC during the typing test 

(see figure 4-5), indicating an increased brain activity. However, a drop was seen in the tHb concentration 

immediately after the typing test, compared to the last twenty seconds during the test, inferring a decreased 

DLPFC activity after the typing test (reperfusion phase of the ED). Additionally, no correlation was observed 

between the rate of change in EMG parameters (ΔRMSED and  ΔMPFED) and ΔtHbDLPFC during typing with 

occlusion, indicating that central regulation of peripheral fatigue, via the sensory feedback from group III/IV 

afferents, may not be correlated with fluctuations in DLPFC activity. 

 

4.1. Hypothesis 1: Electromyographic Activity During Typing 

  

The findings support hypothesis 1, with differences in mean RMS amplitude of ED from the start to the end 

of the typing test. The mean RMSend amplitude of the ED was significantly higher compared to the mean 

RMSstart (see figure 2), and there was also a notable decline in the MPF% of the ED during the typing test with 

occlusion cuffs (see figure 3). Specifically, the RMS% increased on average by 53.7%, while the MPF% of the 

ED decreased on average by 56,6%. This infers that the repetitive contractions from the typing test with 

occlusion upregulated motor unit activity (i.e., increased recruitment of additional motor units and firing rate) 

[33, 34] and decreased muscle fiber conduction velocity [30] of the ED muscle, confirming the presence of 

peripheral muscle fatigue [31]. This is in line with previous studies, reporting an increase in myoelectric 

activity of the ED muscle during simulated computer work [24, 25], a decline in MPF during repetitive 
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contractions [35], and that blood flow occlusion is an effective method for rapidly developing peripheral 

muscle fatigue [18].  

 

4.2. Hypothesis 2: Cerebral Hemodynamic Responses During Typing 

 

The findings partially confirmed hypothesis 2, with significant differences in mean DLPFC tHb and Hbdiff  

concentrations   between the three selected time points (0-20sec, 100-120sec, 120-140sec). A significant 

increase in the mean tHb and Hbdiff  concentrations was noted between the first two selected time points (0-

20sec, 100-120sec), but also between the first and last time point (0-20sec, 120-140sec) respectively (see 

figures 4-5), which supports the hypothesis. However, no differences were observed for the Hbdiff concentration 

between the second and the third time point (Hbdiff100-120, Hbdiff120-140) (see figures 5), while the tHb 

concentration dropped significantly in the last time point (tHb120-140) compared to the second time point 

(tHb100-120) (see figures 4), which rejects the hypothesis.  

 

These findings suggests that the DLPFC activity was elevated during the typing test itself (0-20sec, 100-

120sec), presumably via an increased cerebral blood volume [32], cerebral oxygenation and greater cerebral 

blood flow [20], but it also suggests that the cerebral blood volume in the DLPFC acutely decreased after the 

typing test (Hbdiff100-120, Hbdiff120-140), inferring a reduced DLPFC activity [19]. This supports previous 

findings suggesting that PFC cerebral blood volume and activity of different PFC regions tends to increase 

during exercise from low to moderate intensity [1, 20], up to maximal intensity [3], but then rapidly decrease 

during the recovery period after maximal intensity exercise [1]. This has been attributed to a reduction in 

oxygenation (reflected by higher increase HHb, relative tHb and O2Hb) during near maximal exercise 

intensities in the PFC [1]. This may therefore explain the observed decline in DLPFC tHb concentration 

between the last time point, compared to the second time point in the present study (tHb120-140, tHb100-120, 

see figure 4).  

 

Furthermore, there was no change in the Hbdiff concentration after the typing test, compared to the last twenty 

seconds during the test (Hbdiff100-120, Hbdiff120-140, see figure 5), inferring that the cerebral blood flow and 

oxygenation in the in the DLPFC was higher after the test. Based on previous work, this could be interpreted 

as the DLPFC activity remained greater after the typing test, as a higher cerebral blood flow and oxygenation 

reflects increased brain activity [1, 20, 32]. However, it has been proposed that Hbdiff may predominantly be a 

good indicator of oxygenation when the tHb concentration is stable over time, as it seems to reflects cerebral 

blood flow better in these conditions [32].  

 

Since, the tHb concentration fluctuated during the last twenty seconds of the test, compared to after the typing 

test, this signifies that the Hbdiff concentration may not have been the best representative of DLPFC oxygenation 

in the present study, and evaluating the O2Hb concentration may have instead yielded slightly more accurate 

results. In addition, O2Hb are also more frequently used as an indicator of PFC oxygenation [3, 32]. Although, 

there also NIRS findings indicating the Hbdiff concentration can detect differences in DLPFC oxygenation not 

observed by O2Hb alone, specifically during intense muscular effort [1], which justifies the use of the Hbdiff  

concentration to estimate DLPFC oxygenation in this study. This therefore demonstrates that the discrepancy 

in findings between different studies could partially be attributed to the hemodynamic parameter used to assess 

brain activity, as tHb,  Hbdiff, and  O2Hb have all been used as a surrogate for brain activity during fatiguing 

muscular activity [1, 19, 20].  
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4.3. Hypothesis 3: Correlation Between Electromyographic Responses and Cerebral 

Hemodynamic Responses During Typing 

   

The findings do not support hypothesis 3, with ΔRMSED and ΔMPFED being correlated, and these EMG 

parameters being correlated with ΔtHbDLPFC during typing with occlusion cuffs. Specifically, this study found 

no correlation between ΔRMSED and ΔMPFED, nor any correlation between ΔRMSED  and ΔtHbDLPFC , or 

ΔMPFED and ΔtHbDLPFC. These findings suggest that the increases in RMS amplitude of ED muscle and 

decreases in MPF, during typing in ischemic conditions were not correlated.  

 

Based on previous EMG research, these findings are not totally unreasonable  [36], as conflicting results have 

frequently been reported in regards to the correlation between the EMG amplitude and MPF [33, 36]. Since 

there is a strong correlation between RMS amplitude and muscle force [33], many studies have instead 

examined the correlation between changes in muscle force and MPF [33, 36], and found an positive correlation 

[37], no differences [38, 39] and a negative correlation [33]. Several reasons have been proposed to explain 

these inconsistencies, including inter-individual differences in muscle fiber-type proportions, [40], electrode 

size and configuration [33], thickness of the skinfold [33, 38] and the epoch length used for signal analysis 

[41], which may inadvertently explain the lack of correlations between the ΔRMSED and ΔMPFED in the present 

study.  

 

Additionally, there is also growing evidence that performing repetitive contractions with blood flow occlusion 

may independently alter the EMG response pattern [18]. For instance, a study by Broxterman et al. and co-

workers (2015) compared the effect of repetitive hand grip contractions to exhaustion with or without blood 

flow occlusion and examined the corresponding EMG response in each condition. The author found that the 

RMS amplitude of the flexor digitorum superficialis increased similarly in both conditions, but the drop in 

median frequency was exacerbated during the first two minutes of the repetitive test in the occluded condition. 

Hence, there is a possibility that the ΔMPFED dropped too severe and quick in the present study for it to be 

correlated with ΔRMSED 

 

This proposition is further supported by experimental findings showing that the ED muscle is more susceptible 

to muscle fatigue, compared to the flexor digitorum superficialis during repetitive typing [26],  hence we can 

speculate that the repetitive typing test with occlusion cuffs in the present study may have exacerbated the drop 

in ΔMPFED. Moreover, we also found that neither the increase in ΔRMSED nor the decrease in ΔMPFED, were 

correlated with elevated concentrations in ΔtHbDLPFC  in the present study. This implies that the central 

regulation of voluntary performance and peripheral fatigue, related to the sensory feedback from group III/IV 

afferents, may not be correlated with fluctuations in DLPFC activity.  

 

Based on previous neuroimaging and NIRS research, this may in part be explained by differences in duration 

protocol [3, 34], the intensity [1, 3] and the type of contractions [34] used in different studies. For instance, a 

neuroimaging study by Liu and colleagues [34] compared the neural activity of different cortical areas during 

sustained and repetitive (intermittent) hand grip contractions at submaximal intensities. The authors found that 

the activity of the PFC increased and remained stable only after two minutes in the sustained condition, while 

it increased and started decline only after 10 min in the repetitive condition. Noteworthy, the authors also 

observed a concomitant increase in the activity of M1, as the activity of PFC dropped in the repetitive 

condition. Thus, this signifies that the lack of correlation between the ΔRMSED and the ΔtHbDLPFC, or the 

ΔMPFED and the ΔtHbDLPFC, in the present study may be related to the short duration of the typing test.  
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Moreover, there is also growing evidence that the DLPFC may be more sensitive to exercise intensity 

compared to other PFC regions [1] and brain areas [42]. For example, a NIRS study by Tempest and co-

workers [1] noted that the activity of all PFC regions increased from below ventilatory threshold to the 

ventilatory threshold (i.e., low to moderate intensity), but the activity only started to decline in dorsal regions 

of the PFC (including the DLPFC) at the respiratory compensation point (near maximal exercise intensity). 

Intriuingly, the authors showed that the changes in tHb and O2Hb in the dorsal regions of the PFC reached a 

plateau and remained stable from the compensation point to the end of exercise, while the Hbdiff concentration 

started to decrease. 

 

As we observed no plateau or drop in neither the mean DLPFC tHb or Hbdiff concentrations during the typing 

test (see figure 4-5), this further strengthens the proposition that the duration of typing test may have been too 

short in this study for a reduced DLPFC activity to be observed, but also to correlate with the regulation of 

peripheral fatigue, via the sensory feedback from the group III/IV afferents. Additionally, the inherent 

limitations with using fNIRS for studying cerebral hemodynamics (e.g., inter-individual differences in skull 

thickness [43] and the interference from scalp-hemodynamics [44]) and using sEMG for assessing muscle 

function and fatigue (e.g. inter-individual differences in muscle architecture and morphology [33, 40] and the 

susceptibility to signal artifacts [45]) could also have contributed to the lack of correlations between the sEMG 

parameters and the DLPFC tHb concentration in this study. 

 

However, other researchers have speculated that the afferent signal from reduced PFC oxygenation may also 

influence central motor output during intense muscular effort [46], via impacting the decision to stop exercising 

[47]. Although this has only been proposed to be one of many afferent signals influencing motor output during 

fatiguing muscular activity [46]. Therefore, the present findings may simply signify that the DLPFC are not 

involved in regulating peripheral muscle fatigue via the group III/IV afferent feedback. To the best of our 

knowledge, this is the first study that have examined the correlation between DLPFC activity and peripheral 

muscle fatigue in provoked ischemic conditions during a repetitive typing test. Although no correlation was 

observed between any measure, an increased involvement of the DLPFC was seen during the typing test (see 

figure 4-5). 

 

Hence, this study may nevertheless provide new insight in neurophysiological research, pain science and 

ergonomics. However, as DLPFC activation has been linked with mental fatigue [48], cognitive ability [49], 

subjective perceived effort [5], and internal motivation [9, 48], more research is certainly needed to understand 

how these factor might influence DLPFC activity during repetitive computer typing, in addition to how they 

may relate to the development of muscle fatigue in ischemic conditions.  

 

4.4. Limitations and Future Recommendations 

 

Three key limitations must be considered when interpreting the findings in this study. Firstly, we had no control 

trial in this study (repeated typing test without occlusion cuffs). This makes it difficult to formulate an 

unambiguous conclusion regarding the correlation between DLPFC activity and peripheral fatigue during 

transient muscle ischemia, as the DLPFC could be confounded by several psychological and physiological 

processes. Secondly, we only measure the right side of the DLPFC, and thus it remains unclear how repeated 

typing with occlusion cuffs affects the whole DLPFC. However, as the right DLPFC have been found to be 

more involved during fatiguing muscular effort, this probably had a minor effect on our findings. Thirdly, no 
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psychological parameters were examined, which leaves an uncertainty of how these factors may have 

influenced the EMG and cerebral hemodynamic response in the present study. While the purpose of this study 

was to evaluate the correlation between DLPFC activity and developed peripheral fatigue under provoked 

ischemia of the ED muscle, we can’t dismiss the possibility that the motivational levels (or other psychological 

factors) of the subjects may have influenced the DLPFC activity during the typing test, since we had no control 

trial. 

 

Furthermore, future studies should also investigate how the DLPFC activity is related to mental fatigue and 

cognitive ability during simulated computer work, as the present findings suggest that the activity of DLPFC 

are increased during repetitive computer typing. Although it has been recommended to break up prolonged 

sedentary time at least every 60 minutes [50], it is unclear if taking several smaller breaks can also help to 

maintain a higher mean level of DLPFC activity in computer workers. Based on previous reports [51],  

knowing this may potentially save employers and companies billions of dollars each year, by helping their 

employees to maintain a higher average cognitive ability, and consequently improving their productivity at 

work. 

5. CONCLUSION 

The present study supports previous findings suggesting an increased involvement of the DLPFC during 

fatiguing muscular activity. However, this study also indicates that central regulation of peripheral fatigue, via 

the sensory feedback from group III/IV afferents, may not be reflected by fluctuations in DLPFC activity. 

Moreover, it remains to be elucidated if the duration of the repetitive typing has a mediating effect, as we 

observed no plateau or drop in neither the mean DLPFC tHb or Hbdiff concentrations during the typing test. 

Having a greater understanding where and how muscle fatigue is regulated in the body, may help us find better 

strategies for managing and preventing musculoskeletal pain in the general adult population, as a growing 

number of people are becoming more dependent on computer for work and in their leisure time. Future studies 

should therefore replicate this study with a longer test duration, but also include different computer tasks, to 

simulate how computers are used in practice among different populations. 
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