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ABSTRACT 

Impact of muscular fatigue and its modulation using transcranial photobiomodulation 

(tPBM) on the human brain measured by functional near-infrared spectroscopy (fNIRS) 

Elizabeth Lyde Urquhart, Ph. D. 

The University of Texas at Arlington, 2020 

Supervising Professor: George Alexandrakis  

When performing exercise, the brain must register and simultaneously integrate input 

from feedforward (i.e., central command) and feedback (e.g., exercise pressor reflex) 

neural mechanisms to make appropriate cardiovascular adjustments to meet metabolic 

demands. Muscle fatigue occurs during prolonged exercise and is characterized by a 

reduction in force-generating capability of the muscle. Fatigue comprises of two 

components: central and peripheral fatigue. Peripheral fatigue is produced at or distal to 

the neuromuscular junction whereas, central fatigue originates in the central nervous 

system. However, central fatigue’s contribution to peripheral fatigue is less understood 

and functional neuroimaging is being investigated as a tool to elucidate the underlying 

mechanisms. 

Photobiomodulation (PBM) is the use of red to near-infrared light to penetrate through 

tissue and stimulate mitochondrial respiration via enhanced cytochrome - c- oxidase 

activity. Transcranial PBM (tPBM) is when light is targeted at the cerebral cortex and 

has recently been used in tandem with functional neuroimaging to show enhanced 

cerebral oxygenation and cognitive function. Prior studies have demonstrated PBM 

ability to attenuate fatigue when administered to the muscle before or following 
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exercise. However, no studies have examined tPBM potential to delay fatigue onset. 

This collection of work addresses the knowledge gap of altered hemodynamic response 

and functional connectivity (FC) patterns induced by motor fatigue and tPBM, with the 

implication of eventually applying tPBM on the motor cortex during exercise in future 

work.  

Specifically, Chapter 2 depicts the effects of physical fatigue on cerebral hemodynamics 

while considering how it is modulated during peripheral fatigue in subjects of differing 

physical activity levels and its temporal evolution as measured by functional near-

infrared spectroscopy (fNIRS). Brain activation patterns and FC changes were mapped 

before and during the intermittent handgrip task. The hemodynamic metrics and 

concurrent force measurements of the intermittent handgrip task provided insight in the 

differences in cortical network adaptation patterns as fatigue sets in, which was 

dependent on subject physical activity.  

Chapter 3 further expands on the effect of physical fatigue on cerebral hemodynamics 

by analyzing vasomotion-induced oscillations as measured by fNIRS at each 

hemodynamic frequency band: endothelial, neurogenic, and myogenic component. To 

help understand how these three neurovascular regulatory mechanisms relate to the 

fatiguing handgrip task performance, several dynamic fNIRS metrics were quantified 

including directional phase transfer entropy, directional connectivity, and the relationship 

between FC and FC variability (FCV) to understand their mutual dependence for each 

frequency band in the context of handgrip performance as fatigued increased. These 

findings imply that physical activity modulates neurovascular control mechanisms at the 
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endogenic, neurogenic, and myogenic frequency bands resulting in delayed fatigue 

onset and enhanced performance. 

In Chapter 4, the effects of tPBM applied to the forehead on brain networks is 

investigated for the whole cortex as measured by fNIRS. FC and graph theory analysis 

(GTA) were quantified for the time series data before, during, and after tPBM was 

administered to the pre-frontal cortex. These results demonstrated that tPBM induced 

alterations in FC and GTA from the stimulated right pre-frontal cortex. Furthermore, this 

study suggests that tPBM has differing effects on FC and GTA during and after 

stimulation, signifying localized effects occurring during stimulation and global effects 

after stimulation. Our findings suggest the feasibility of expanding the use of fNIRS in 

the future as a means to map and identify cortical network alterations induced by tPBM 

in health and disease. 
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CHAPTER 1 

INTRODUCTION 

When performing physical exercise, the contracting muscles elicit demand for oxygen, 

which is supplied by increased blood flow. The brain must register and simultaneously 

integrate input from feedforward (i.e., central command) and feedback (e.g., exercise 

pressor reflex) neural mechanisms to make necessary cardiovascular adjustments to 

meet the metabolic demand of the exercise.1, 2 During exercise using the forearm, 

peripheral fatigue sets in, as characterized by reduced force-generating capability of the 

muscles that subsequently evolves into central fatigue, resulting in decreased neural 

drive to the muscles, after prolonged physical activity.1-7 Central fatigue’s contribution to 

peripheral fatigue is less understood and functional brain imaging during exercises is 

being investigated as a tool to help elucidate the underlying mechanisms.3-12 

 Photobiomodulation (PBM) is the utilization of light to stimulate mitochondrial 

respiration and cellular function in many cell types, including neurons.13 It utilizes light in 

the red to near-infrared (NIR) wavelengths (600 – 1200 nm) to penetrate through 

tissues to induce the mitochondrial and cellular changes.14-17 The purported mechanism 

of PBM relies on photon absorption by cytochrome – c – oxidase (CCO), the terminal 

enzyme in mitochondrial respiration, and the dissociation of nitric oxide (NO), which 

inhibits CCO.14, 15 As CCO activity and expression increases, the more oxygen 

consumption and simultaneous metabolic energy is produced via mitochondrial 

oxidative phosphorylation.18, 19 Transcranial PBM (tPBM) is when the light is targeted for 

the human cerebral cortex and has recently been used therapeutically for various 

neurological and psychological disorders including ischemic stroke,20, 21 chronic 
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traumatic brain injuries,22, 23 and depression.24, 25 Furthermore, it has been shown to 

enhance cerebral oxygenation and cognitive function in electroencephalography 

(EEG)13 and functional near-infrared spectroscopy (fNIRS) studies.18 Many studies have 

demonstrated PBM can be used to attenuate fatigue prior to or following strength and 

aerobic exercises when the muscle is exposed to the PBM therapy.26-31 However, no 

studies have examined tPBM potential to delay fatigue onset. 

As discussed, exercise and tPBM promote physiological changes in the brain. 

Noninvasive neuroimaging techniques like computerized tomography, 

electroencephalogram (EEG), functional magnetic resonance imaging (fMRI), and 

functional near-infrared spectroscopy (fNIRS) have been used to actively image and 

locate brain regions involved in motor functions,8, 32 and neurophysiological effects of 

tPBM.18, 33 Among them, fNIRS measures the concentration changes of oxyhemoglobin 

(ΔHbO) and deoxyhemoglobin (ΔHb) resulting from neurovascular coupling secondary 

to neuronal activation by utilizing NIR light wavelengths (650-1000 nm).34 It is 

advantageous over other neuroimaging techniques due to its high temporal resolution 

compared to fMRI, robustness to motion, lower cost, and portability.32, 35 

While several functional neuroimaging studies have examined the effects of 

physical fatigue,3, 4, 6, 8, 9, 11, 12, 36-40 and tPBM13, 18, 33 on brain activity, none have yet 

investigated how brain activity alters due to fatigue during the exercise nor explored 

tPBM as a means to ameliorate fatigue. The goal of this dissertation is to illustrate the 

use of fNIRS to (1) first discover how peripheral muscle fatigue effects brain activity in 

young, healthy adults of differing physical activity levels, (2) including how fatigue 

effects vasomotion-induced oscillations in the endogenic, neurogenic, and myogenic 
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frequencies in the human brain. (3) Then the impact of tPBM on young, healthy adults 

will then be explored to measure near-immediate hemodynamic responses and assure 

reliability. Our findings suggest the feasibility of expanding the use of fNIRS in tandem 

with tPBM interventions to further study brain network effects that could result in motor 

and cognitive enhancement in healthy subjects or those with brain injury and disorders 

in pre-clinical and clinical studies.14, 15, 33 Possibilities for the latter include stroke, 

traumatic brain injury, Alzheimer’s disease, Parkinson’s disease, anxiety, and 

depression.14, 15 

 This dissertation comprises of 5 chapters which consists of two peer- reviewed 

publications (Chapter 2 and Chapter 3) and one manuscript that submitted (Chapter 4). 

Chapter 1 is a brief introduction on central and peripheral fatigue during exercise, tPBM, 

and functional neuroimaging using fNIRS. In Chapter 2, the temporal evolution of 

cortical activation and connectivity patterns during a fatiguing handgrip task were 

studied by fNIRS in physically active and inactive young adults. In Chapter 3, motor task 

fatigue effect on vasomotion-induced oscillations in ΔHbO, as measured by fNIRS, was 

explored at each hemodynamic frequency band: endothelial component (0.003- 0.02 

Hz) associated to microvascular activity, neurogenic component (0.02-0.04 Hz) related 

to intrinsic neuronal activity, and myogenic component (0.04-0.15 Hz) linked to activity 

of smooth muscles of arterioles. In Chapter 4, the temporal evolution of functional 

connectivity and cortical network reorganization before tPBM, during tPBM, and after 

tPBM was evaluated in young adults as measured by fNIRS. Lastly, Chapter 5 

concludes the dissertation and provides directions for future work.  
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CHAPTER 2 

Mapping cortical network effects of fatigue during a handgrip task by functional 

near-infrared spectroscopy in physically active and inactive subjects 

 

This chapter is a publication at the journal Neurophotonics, October 2019 

(Neurophotonics 6(4): 045011) 

Authorship: Elizabeth L. Urquhart, Hashini I. Wanniarachchi, Xinlong Wang, Hanli Liu, 

and George Alexandrakis 

2.1  INTRODUCTION 

When performing physical exercise, the contracting muscles elicit demand for oxygen, 

which is supplied by increased blood flow. The brain must register and simultaneously 

integrate input from feedforward (i.e., central command) and feedback (e.g., exercise 

pressor reflex) neural mechanisms to make necessary cardiovascular adjustments to 

meet the metabolic demand of the exercise.1, 2 During exercise involving the arms, 

peripheral fatigue sets in, as characterized by reduced force-generating capability of the 

muscles that subsequently evolves into central fatigue, resulting in decreased neural 

drive to the muscles, after prolonged physical activity.1-6 Central fatigue’s contribution to 

peripheral fatigue is less understood and functional brain imaging during fatiguing 

exercises is being investigated as a tool to help elucidate the underlying mechanisms.3-

6, 8, 9, 11, 12, 40 Neural pathways gradually alter their connectivity (neuroplasticity), which 

affects regulation of the cardiovascular system both at rest and during exercise. 

Physically active individuals exhibit exercise-related neuroplasticity and have improved 
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cardiovascular health whereas inactive individuals may be predisposed to higher 

incidences of cardiovascular disease.1, 5, 41 

Several modalities have been used for functional brain mapping during motor-fatigue 

exercise, such as electro-encephalography (EEG), functional magnetic resonance 

image (fMRI), and functional near infrared spectroscopy (fNIRS).3-6, 8, 9 Among them, 

fNIRS measures noninvasively the concentration changes of oxyhemoglobin (ΔHbO) 

and deoxyhemoglobin (ΔHb) resulting from neurovascular coupling secondary to 

neuronal activation by utilizing near-infrared light (650-1000 nm wavelengths). FNIRS is 

advantageous because of its relatively lower cost, its safety, portability, robustness to 

motion artifacts, and higher sensitivity compared to fMRI.35, 42  

While several functional neuroimaging studies have examined the effects of physical 

fatigue on brain activation and connectivity,3, 4, 6, 8, 9, 11, 12, 36-40 none have as yet explored 

how brain activity is modulated during peripheral fatigue in subjects of differing physical 

activity levels, or shown the progressive effect of fatigue on brain activity. In healthy 

adult populations, fMRI has been used to show brain activation and connectivity 

continually during,38, 39 or at the beginning and end of the exercise,6, 8 to illustrate 

changing central motor command and strengthened functional connectivity (FC). In 

contrast, fNIRS optodes placed on the prefrontal cortex (PFC)11, 12, 40 and primary motor 

cortex (M1)11 in trained athletic adult populations illustrated hyperoxygenation in the 

PFC and deoxygenation in M1 as a result of prolonged fatiguing exercise. However, 

those studies were unable to provide further insight on brain activity patterns due to the 

limited number of optodes used. Only one fNIRS study to date has, to our knowledge, 

examined the differences in brain activity between athletes and non-athletes during 
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exhaustive sustained handgrip exercise but, again only two probes were used, thus 

limiting whole-brain interpretations of activation and network connectivity.4 Therefore, 

prior functional neuroimaging studies have not provided a more global picture of the 

continuous temporal evolution of brain activity patterns, and their differences based on 

subject physical activity levels, during a fatiguing handgrip task.  

To address this knowledge gap, the purpose of this study was to examine differences in 

cortical activity, as mapped by fNIRS, between physically inactive and active subjects 

during a maximal voluntary contraction (MVC) handgrip task. The temporal evolution of 

recorded hemodynamic activation and FC patterns was measured and compared. 

Analyzing brain network activation and connectivity allowed for detection of physical 

activity dependent network reorganization during a fatiguing motor task, which in the 

future could be explored as a novel means of evaluating exercise-induced functional 

changes in brain activation patterns in human health and disease.  

2.2 MATERIALS AND METHODS 

2.2.1 Participants 

Twenty-three young adults were recruited (4 females, ages = 25.13 + 3.72 years) for 

this study. All subjects were without any neurological or psychiatric disorders (self-

reported). All but two subjects were right-handed, as determined by the Edinburgh 

handedness scale.43 Subjects also self-reported as physically inactive (n=12, exercising 

less than twice a week for 30 minutes of moderately vigorous exercise), or active (n=11, 

exercising at least 4 times a week, for 30 minutes of moderately vigorous exercise).44 All 

experimental procedures, including a written consent required prior to participation in 
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this study, were approved by the Institutional Review Board of the University of Texas at 

Arlington (IRB# 2018-0686).  

2.2.2 Experimental Procedures 

An fNIRS imaging system (LABNIRS, Shimadzu Corp., Kyoto, Japan) was used to 

measure cerebral hemodynamic responses in the ROIs: left and right dorsolateral 

prefrontal cortex (lDLPFC; rDLPFC), left and right pre-motor cortex (lPMC; rPMC), left 

and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas, and Broca’s area. 

The optode layout on the subject’s head consisted of 32 source and 34 detector fibers 

that were arranged in a configuration resulting in a total of 111 channels with a source-

detector distance of 3 cm for all that covered the aforementioned cortical areas, with no 

short-distance channel placement being available in that cap geometry (Fig. 2 - 1a). 

Each source fiber was connected to laser diodes at three wavelengths (780 nm, 805 

nm, 830 nm). The back-reflected light collected by the detector optodes was converted 

to current by photomultiplier tubes and the resulting intensity data was sampled at a rate 

of 10.101 Hz. The anatomical location of the optodes in relation to the standard head 

landmarks, including inion, nasion, Cz, and left and right ears, were recorded for each 

subject using a 3D digitizer (FASTRAK, Polhemus VT, USA ). Montreal Neurological 

Institute (MNI) coordinates for the channels were determined using the statistical 

parametric mapping NIRS_SPM software package, which provided the Brodmann area 

(BA) corresponding to each fNIRS channel as shown in Table 2 - S1.45  

Subjects were seated at a table with their dominant upper arm at their side with their 

elbow flexed at 90ᵒ relative to the plane of the table on which their lower arm was 

supported and were facing two screens: one displaying protocol commands and the 
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other displaying visual-feedback of performance (Fig. 2 - 1b). The fNIRS data 

acquisition began with a 5-minute baseline hemodynamics measurement, followed 

immediately by imaging of the aforementioned cortical areas while subjects performed 

the handgrip task. For the latter, subjects used their dominant hand to perform 

intermittent handgrip contractions for 3.5 s alternating with 6.5 s of rest for 120 blocks at 

100% MVC as a means to induce fatigue in the forearm.3, 4, 8, 9 Prior to the experiment, 

subjects performed three to five MVCs and their average was calculated as the pre-task 

MVC value for that subject. Handgrip force was measured by a hand dynamometer 

(BIOPAC, CA, United States) and displayed for visual feedback. Exerted force during 

the handgrip exercise was recorded using the hand dynamometer at 1 kHz sampling 

rate. The maximum force value for each trial was calculated for each data point and the 

resulting maximum force time-series data were low-pass filtered at 15 Hz.9, 46  
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Figure 2 - 1 Experimental set up and protocol timeline for the handgrip task. a) FNIRS multi-

channel layout with 111 channels covering five regions of interest (ROI): M1/S1 (green), PMC 

(red), DLPFC (blue), and Broca’s Area (yellow). All other channels, located over the temporal 

and occipital lobes, are shown in gray. b) Schematic of the experimental set-up of the fNIRS 

(LABNIRS) system and the BIOPAC handgrip force sensor system with one representative 

source-detector channel shown for simplicity. c) ΔHbO and ΔHbR hemodynamic responses at 

lM1/S1 for the first 10 blocks of the task. 

2.2.3 Mapping of Cerebral Hemodynamics 

FNIRS data was preprocessed using Matlab 2012b (MathWorks, Natick, MA, USA) and 

the open-source package Homer 2.0 (Fig. 2 - 1c).42 Detrending was implemented using 

the least-square fit of a line that was subtracted from the data.47 The raw intensity data 

were then low-pass filtered using a 3rd order Butterworth filter at a cut-off frequency of 

0.2 Hz to remove large portions of physiological noise, including heartbeat (1 – 1.5 Hz) 

and respiration (0.2 – 0.5 Hz).35 The fNIRS data was also high-pass filtered using a 5th 

order Butterworth filter at a cut-off frequency of 0.01 Hz to remove any possible slow 
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baseline drift. In addition, data from left-handed subjects’ data was flipped to its mirror 

image for group averaging purposes and the subsequent interpretation for all data was 

right (r) for contralateral and left (l) for ipsilateral brain hemispheres relative to the arm 

performing the task, as done in previous work.48 Optical density data were converted 

into changes in hemoglobin concentration relative to baseline (ΔHbO) using the 

Modified Beer-Lambert Law with an estimated differential pathlength factor of 6.0 for 

each wavelength, an estimate used in Homer 2.0.49 Lastly, a principal component 

analysis (PCA) filter was utilized to remove the first and second principal components, 

which are often associated with motion artifacts42 and global hemodynamic flucations35, 

which may overlap with the task-related hemodynamic response frequencies.  

General linear model (GLM) analysis was used to quantify time-dependent ΔHbO 

patterns elicited during the handgrip task, by using a series of consecutive stimulation-

specific boxcar functions convolved with a hemodynamic response function (HRF) as a 

regressor, as in prior studies.50-52 Only ΔHbO values were analyzed and reported in this 

study because ΔHbR values were found to have similar and opposite qualitative trends, 

but with smaller amplitudes and lower signal-to-noise ratio as previously reported in 

other studies for other motor activation tasks and as seen in Fig. 2 - 1c.52, 53 Subject 

group-level hemodynamic analyses were initially performed between baseline and 

during the task for each channel using a one-sample t-tests on β values obtained from 

GLM, with multiple comparison corrections (Bonferroni and False Discovery Rate 

(FDR)) . Subsequently, channels belonging to the same ROI on a group level, as 

determined by NIRS_SPM, were averaged together and tested using FDR.54 Cortical 

activation images were visualized with the open-source network visualization tool 
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BrainNet Viewer,55 using reference MNI coordinates that were not significantly (p > 

0.05) different from the averaged MNI coordinates. 

2.2.4 Functional Connectivity (FC) Analysis 

FC was quantified using the open-source FC_NIRS software package.47 23 Five-minute 

baseline data were converted to resting state connectivity maps. Connectivity maps 

were created for two contiguous 10-minute periods: 0-10 min and 10-20 min of the 

handgrip task. The raw optical density measurements were preprocessed the same as 

described in Sec. 2.2.3. Seed-based correlation analysis was performed by calculating 

the connectivity strength between the seed channel in cortical regions that showed 

significant activation during the task (rM1, lDLPFC, and rDLPFC) and every other 

channel via Pearson’s correlation for every subject.47 The seed channel was chosen 

based on highest percentage overlap to the desired BA, as determined by NIRS_SPM. 

For FC analysis, one-sample t-tests were performed on the Pearson correlation 

coefficient values of ΔHbO across subjects at p < 0.05 and were Bonferroni corrected 

for multiple comparisons of 111 channels. Topographic images for FC were generated 

using EasyTopo, an optical topography toolbox which projects data on a standard brain 

MRI atlas and implements 2D angular interpolation of the channel-wise data, for this 

study one-sample t-test t-values, in a spherical coordinate system.56 

For statistical comparisons, 111 Pearson’s correlation coefficient values (r) of ΔHbO 

were averaged into one value, designated as ra, for each subject for each period. A two-

sample t-test was performed at p < 0.05 on the averaged r-values between groups for 

each period. Paired t-tests were performed at p < 0.05 on the averaged r-values to 

compare FC across time within each group.  
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 Lastly, the linear relationship between regional FC magnitude and grip strength was 

examined using Pearson’s correlation analysis. This was done for each ROI at each 

time point per subject group. To calculate differences between the r-values, the follow 

formula was used:57 

zobserved =
z1−z2

√(
1

N1−3
)(

1

N2−3
)
,     (1) 

where z1 and z2 are Fisher’s r-to z transformed values and N1 and N2 are the number 

of pairwise comparisons. 

2.3  RESULTS 

2.3.1 Evolution of Maximal Handgrip Force over Time 

The loss of handgrip force generated while intending to attain 100% of the MVC, 

recorded just prior to the beginning of the task, was quantified as a proxy measure of 

fatigue for inactive and active subjects. Force data were averaged over 60 blocks 

resulting in two time periods across the 120 contractions. The data blocks within each of 

the two time periods were tested for homogeneity of variances and normality, the 

assumptions for independent t-tests, which they did not pass. Therefore, data was 

analyzed using the nonparametric Mann-Whitney U test.58 The relative decrease in 

MVC force between active and inactive subjects was comparable, but the absolute force 

produced by the active subjects was consistently higher at each period: 0 – 10 min and 

10 – 20 min (Fig. 2 - 2, Table 2 - 1). 
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Figure 2 - 2 Force produced during intermittent handgrip contractions at 100% MVC force level 

using the dominant hand for physically inactive (light gray) and active subjects (dark gray). Each 

data point represents an average of 60 consecutive trials, expressed as the Mean (bar height) + 

Standard Error to the Mean (SEM; error bar). Circles: individual performance. **p < 0.01, ***p < 

0.001. 

Table 2 - 1 Mann-Whitney U statistics results between force (%MVC) between active and 

inactive subjects. 

Time period 
(mins) 

Mann-Whitney U z-
statistic 

Effect 
size 

p-value 

0-10 195 3.85 0.80 0.0001 
10-20 175 2.62 0.55 0.01 

 

 

2.3.2 Temporal Evolution of fNIRS Activation Patterns 

While activation results were intended to be displayed in ΔHbO activation maps, the 

high variability (Fig. 2 - S1) induced during the task did not allow for identification of 
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statistically significant changes in individual channels when Bonferroni multiple 

comparisons correction was applied in this work. As a result, channels were grouped by 

ROI and averaged so that significance could be obtained at the expense of spatial 

localization (Fig. 2 - 3). Following this analysis approach, significant activation was 

found in Broca’s area for inactive subjects within the first 100 s of the task, as indicated 

by red oval (Fig. 2 - 3a). In contrast, active subjects showed significant activation in the 

lPMC and concurrent deactivation in the rDLPFC during the initial 100 s of the handgrip 

task (Fig. 2 - 3d). However, there were no significant differences between inactive and 

active subjects at these early times (Fig. 2 - 3g). In addition, while no statistical 

significance was found for any of the ROIs in the first half of the task (1 – 10 min; Fig. 2 

- 3b) due to high hemodynamic signal variability and low ΔHbO amplitudes, in the 

second half of the task (11 – 20 min) inactive subjects showed statistically significantly 

deactivation in the rDLPFC and rPMC, as indicated by the blue ovals in Fig. 2 - 3c. 

Active subjects on the other hand, while they also had high hemodynamic signal 

variability in the first half of the task, also had higher ΔHbO magnitudes in certain 

cortical regions, which enabled detecting statistically significant activation in the lM1/S1 

and Broca’s area (Fig. 2 - 3e). Active subjects also showed significant deactivation in 

the rDLPFC during the first half of the task (Fig. 2 - 3e). Interestingly, in the second half 

of the task rDLPFC was not significant and instead activation was seen in the lDLPFC 

(Fig. 2 - 3f), opposite to what was seen for inactive subjects (Fig. 2 - 3e). In addition, the 

rPMC became significantly deactivated in the second half of the task (Fig. 2 - 3f), similar 

to what was observed for the inactive subjects (Fig. 2 - 3e). Lastly, active subjects were 
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significantly activated in Broca’s area (Fig. 2 - 3h) in the first half of the task and in 

lDLPFC (Fig. 2 - 3i) in the second half of the task compared to inactive subjects.  
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Figure 2 - 3 ROIs of statistically significant activity for inactive subject’s at a) 0 – 100 s, b) 1 – 

10 min, and c) 11 – 20 min, and for active subjects at d) 0 – 100 s, e) 1 – 10 min, f) 11 – 20 min 

of the handgrip task. Only ROIs with statistically significant (p < 0.05, FDR corrected) activation 

are shown with corresponding t-values next to it (red ovals – activation; blue ovals – 

deactivation). No significant group differences seen early in the handgrip task at g) 0 – 100 s, 

and greater activation in few regions was seen for active subjects (red ovals; negative t-values) 

over longer time intervals; h) 0 – 10 min, j) 11 – 20 min. With the exception of (h) and (i), all 

positive t-values corresponded to activation (red ovals) and all negative t-values corresponded 

to deactivation (blue ovals). 
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2.3.3 Temporal Evolution of Functional Connectivity Patterns 

2.3.3.1 FC maps with seed at lM1 

The lM1 seed location was placed based on activation seen in Fig. 2 - 3e and by 

channel location as determined by NIRS_SPM. The FC maps at rM1, contralateral to 

the hand performing the handgrip task, are shown in Fig. 2 - 4 for inactive (upper row) 

and active subjects (lower row). During the handgrip task, inactive subjects initially 

exhibited statistically significant FC between the lM1 and the DLPFC and rPMC (Fig. 2 - 

4b). However, as the task progressed FC patterns became more localized to the lM1 

with simultaneous loss of connectivity strength with the lDLPFC and receding 

connectivity strength in the rM1/S1 and the rDLPFC (Fig. 2 - 4c). Active subjects on the 

other hand, showed spatially broader FC patterns when performing the same task. In 

particular, active subjects exhibited significant FC with the DLPFC, the rM1/S1 and 

rPMC throughout the entire duration of the task (Figs. 2 - 4e and 2 - 4f). The ra values 

were significantly greater in active subjects than inactive subjects at each time period: 

baseline (p = 0.03), 0 – 10 min (p = 0.02), and 10 – 20 min (p = 0.02). As well, ra values 

within groups were significantly different from one another across time for inactive 

subjects at baseline and 0 – 10 min (p = 0.003) and 0 – 10 min and 10 – 20 min (p = 

0.02) and active subjects at baseline and 0 – 10 min (p = 0.05) and 0 – 10 min and 10 – 

20 min (p = 0.01).  
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Figure 2 - 4 Evolution of FC patterns during the entire handgrip task with the seed region at lM1 

for inactive subjects at a) baseline, b) 0 – 10 min, and c) 11 – 20 min and active subjects at d) 

baseline, e) 0 – 10 min, and f) 11 – 20 min. The black oval encircles the seed region channels 

and is only displayed at baseline for clarity. Only regions with statistically significant FC strength 

are shown (p < 0.05, Bonferroni corrected). 

2.3.3.2 FC maps with seed at lDLPFC 

When placing the seed at lDLPFC, the generated FC maps also showed major 

differences between the inactive and active subject groups (Fig. 2 - 5). Inactive and 

active subjects within the first 10 min of the task displayed statistically significant FC 

strength between the lDLPFC and the rDLPFC, PMC and M1/S1 (Fig. 2 - 5b and Fig. 2 - 

5e). However, in the second half of the task the inactive subjects’ FC pattern receded 

towards the DLPFC (Fig. 2 - 5c) while the active subjects’ FC pattern broadened to the 

lPMC and somatosensory association cortex (Fig. 2 - 5f). The ra values were 
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significantly greater in active subjects than inactive subjects at 0 – 10 min (p = 0.01) and 

10 – 20 min (p = 0.02) but not at baseline (p = 0.06). The ra values within groups were 

only significantly different across time at baseline and at 0 – 10 min for inactive (p = 

0.002) and active subjects (p = 0.01). 

 

Figure 2 - 5 Evolution of FC patterns during the entire handgrip task with the seed region at 

lDLPFC for inactive subjects at a) baseline, b) 0 – 10 min, and c) 11 – 20 min and active 

subjects at d) baseline, e) 0 – 10 min, and f) 11 – 20 min. The black oval encircles the seed 

region channels and is only displayed at baseline for clarity. Only regions with statistically 

significant FC strength are shown (p < 0.05, Bonferroni corrected). 

2.3.3.3 FC maps with seed at rDLPFC 

The FC maps with the seed at rDLPFC, the symmetrically contralateral position to the 

lDLPFC seed considered above, are shown in Fig. 2 - 6. Within the first 10 min of the 

task, inactive subjects exhibited statistically significant but relatively weak FC strength to 
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the lDLPFC, rPMC, and lM1/S1 (Fig. 2 - 6b). In the subsequent 10 min of the task, there 

was loss of FC strength with the rPMC (Fig. 2 - 6c). In contrast, active subjects 

displayed significant FC strength with the lDLPFC, bilateral M1/S1 and some weaker 

but significant FC to bilateral PMC within the first 10 min (Fig. 2 - 6e), which weakened 

in the second 10 min of the task (Fig. 2 - 6f). The ra values were significantly greater in 

active subjects than in inactive subjects at each time period: Baseline (p = 0.02), 0 – 10 

min (p = 0.01), and 10 – 20 min (p = 0.04). The ra values within groups were also 

significantly different from one another across time for inactive subjects at baseline and 

0 – 10 min (p = 0.003) only and active subjects at baseline and 0 -10 min (p = 0.03) and 

0 – 10 min and 10 – 20 min (p = 0.01). 

2.3.3.4 Correlation between regional FC and grip strength 

Pearson’s correlation coefficient (r) values were quantified between regional FC 

magnitude and time to 50% MVC. This was performed for each group at each time 

point. Additionally, correlation coefficients were compared between active and inactive 

subjects at each time point. Active subjects had significant (p < 0.05), positive 

correlation between lM1, lDLPFC, and rDLPFC and 50%MVC at all time points, with the 

exception of rDLPFC at 0 – 10 min and 10 – 20 min whereas, inactive subjects had no 

significant correlation (Table 2 - 2). Active subjects’ correlation was more significant 

than inactive subjects’ at lM1 (baseline and 10 – 20 min), lDLPFC (all time periods), and 

at rDLPFC (baseline and 10 – 20 min) (Table 2 - 3).  
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Figure 2 - 6 Evolution of FC patterns during the entire handgrip task with the seed region at 

rDLPFC for inactive subjects at a) baseline, b) 0 – 10 min, and c) 11 – 20 min and active 

subjects at d) baseline, e) 0 – 10 min, and f) 11 – 20 min. The black oval encircles the seed 

region channels and is only displayed at baseline for clarity. Only regions with statistically 

significant FC strength are shown (p < 0.05, Bonferroni corrected). 
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Table 2 - 3 Pearson’s correlation analysis summary between regional FC magnitude and time to 

50% MVC (Pearson’s correlation coefficient (r) and p-value). 

 lM1 lDLPFC rDLPFC 

  r p r p r p 

Inactive 

Baseline -0.35 0.26 -0.56 0.06 -0.17 0.59 

0 – 10 min -0.17 0.59 -0.5 0.10 -0.37 
0.2
4 

10 – 20 min -0.31 0.33 -0.45 0.15 -0.45 
0.1
5 

Active 

Baseline 0.63 0.04 0.74 0.01 0.69 
0.0
2 

0 – 10 min 0.69 0.02 0.65 0.03 0.49 
0.1
3 

10 – 20 min 0.63 0.04 0.59 0.05 0.43 
0.1
8 

 

Table 2 - 4 Correlation coefficients comparison summary between inactive and active subjects 

for regional FC magnitude and 50% MVC (z-value and p-value). 

 lM1 lDLPFC rDLPFC 

 z p z p z p 

Baseline 
-

2.28 
0.02 

-
3.26 

0.001 -2.1 0.04 

0 – 10 min 
-

1.88 
0.06 

-
2.73 

0.006 -1.9 0.06 

10 – 20 min 
-

2.19 
0.03 

-
2.39 

0.02 
-

1.94 
 
0.05 

 

2.4  DISCUSSION 

The present study aimed to map by fNIRS the temporal evolution in hemodynamic 

activation and FC patterns in physically inactive and active subjects performing a 
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fatiguing handgrip task. The observed differences in cortical activity patterns and 

concurrently acquired handgrip force data suggest physical activity dependent network 

reorganization across multiple cortical regions during this task.  

2.4.1 Changes in Handgrip Performance During the Task 

Physical fatigue induced by intermittent muscle contractions and its effect on force has 

been studied extensively in physiology59, 60 and recent neuroimaging studies.3, 6, 9, 38, 46, 

61, 62 Fatigue has been defined as “any decline in muscle performance associated with 

muscle activity at the original intensity”.60 Both inactive and active subjects’ muscle 

performance adhered to this definition vis-á -vis the gradual decline in MVC throughout 

the exercise. Moreover, our results are in agreement with a prior handgrip fatigue study 

showing that the rates of fatigue were similar between subjects with varying physical 

activity levels and initial strength, final strength, and absolute endurance were larger for 

the active subjects.59  

2.4.2 Evolution of Hemodynamic Activation Patterns During the Handgrip Task 

Previous functional neuroimaging studies concerning arm and hand movements have 

demonstrated activation in M1, PMC/SMA, and PFC.6, 36, 38, 61, 63, 64 In this work, inactive 

and active subjects exhibit significant activity in these regions and in Broca’s area as 

well. However, as the task progressed there were subsequent shifts in activity towards 

the DLPFC. In a prior fMRI study involving a handgrip task performed under non-

fatiguing conditions (30% MVC), as verified by electromyography (EMG), increased 

activation was seen bilaterally in M1/S1 with concurrent EMG signal increased for 

several forearm muscles.38 In contrast, during a fatiguing handgrip task (100% MVC) 

initial M1/S1 activation and concurrently acquired EMG signals declined, but 
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supplementary cortical regions such as the PFC maintained consistent activation.39 

While EMG measurements were not performed in this work, the above findings do 

support the notion that a stronger central command, via increased brain activation in the 

PFC, is needed to maintain task performance once fatigue sets in. However, prior 

studies do not discuss the temporal evolution of cortical activation and connectivity 

patterns during the handgrip task. These are discussed here in more detail with respect 

to the cortical areas involved.  

2.4.2.1 Evolution of Hemodynamic Activation Patterns at Primary and Secondary 

Sensory-Motor Cortices  

The primary sensory-motor cortex , or M1/S1, is responsible for motor control and 

execution8, 65 and works in conjecture with the secondary sensory-motor cortex, or 

PMC, which is associated with movement planning and preparation.65 Physically active 

individuals were able to elicit brain activation and deactivation in these regions, similar 

to a prior neuroimaging motor task study.39 This work however differs from another prior 

study comparing athletes to non-athletes performing a sustained handgrip task, where 

athletes exhibited decreased M1 activation compared to non-athletes during a sustained 

handgrip task at 50% MVC.4 As that study only used two fNIRS channels, it is possible 

that its results were affected by incomplete spatial coverage of the sensory-motor 

cortices, as the authors also suggested.4 Also, in this work both athletes and non-

athletes exhibited significant deactivation in the rPMC towards the end of the task, when 

subject fatigue was the highest.4 We hypothesize that an increase in variability of 

activation as a result of exercise, hindered determination of activation significance in 

inactive subjects (Fig. 2 - S1), as also demonstrated in a prior fMRI fatiguing handgrip 
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study.6 That study noted a positive correlation between exercise duration and increased 

hemodynamic signal variance, with high variance correlating to low pixel activation.6 

This work demonstrates substantial location shifts of focal regions during the fatiguing 

handgrip task from contralateral to ipsilateral regions and from posterior to anterior 

regions of higher brain activity, in agreement with an EEG fatiguing handgrip study.3 

Moreover, brain activation changes in deeper subcortical structures participating in 

motor regulation (i.e. bilateral basal ganglia, cerebellum, and thalamus) are known to 

occur as a coordinated effort to optimize motor unit recruitment and activation level for 

prolonged fatiguing exercise.62, 66 Although it would be reasonable to expect that these 

structures could also be activated as the handgrip task progressed, those regions were 

not accessible by fNIRS.  

2.4.2.2 Evolution of Hemodynamic Activation Patterns in the DLPFC 

In the context of motor tasks, the DLPFC is associated with motor preparation and 

planning over long periods of time, action selection and control,65 and correlates with 

higher force output.66, 67 In a prior study the DLPFC was activated predominantly on the 

side contralateral to the used hand,66 which is consistent with the increased lDLPFC 

activation observed in physically active subjects in our work. Other fNIRS studies that 

measured PFC activation during near-maximal or exhaustive aerobic exercise found 

that as the near-exhaustion was reached DLPFC activation increased bilaterally.12, 40 

However, in these latter studies subjects were trained athletes performing a bilateral 

task such as cycling and not a unilateral task, like in our work.  

The rDLPFC is associated with inhibition or avoidance behavior towards meeting a goal 

and has been suggested to be involved during prolonged exercise to purposefully inhibit 
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bodily afferences that arise with physical fatigue, and preserved mental effort during 

exercise maintenance.40 In agreement with prior studies, the rDLPFC deactivation seen 

in our results correlated with a reduction in handgrip force.11, 12, 40, 68 These prior studies 

suggest that subject stress due to the prolonged and physically challenging motor task 

may have contributed to the observed rDLPFC deactivation. The lDLPFC is associated 

with an approach reaction towards a goal and may suggest the willingness of the active 

subjects to challenge themselves and meet the task goal even in the presence of 

fatigue.68 We hypothesize that as the task progressed, active subjects adopted a goal-

oriented approach resulting in the dominance of lDLPFC activation, whereas inactive 

subjects adopted a goal-avoidance approach that resulted in the dominance of rDLPFC 

deactivation.  

2.4.2.3 Evolution of Hemodynamic Activation Patterns at the Broca’s Area  

Inner speech refers to the activity of silent expression of conscious thought to oneself 

and results in activation in Broca’s area in the left hemisphere.69 Sports literature has 

further studied inner speech of positive, negative, motivational, and instructional context 

known as self-talk via questionnaires in athletes which found that athletes participate in 

self-talk more frequently in competition settings and when performing individually, as 

opposed to on a team.70-72 While the active subjects were not athletes, they too had 

significantly more activation in Broca’s area than inactive subjects.  

2.4.3 Evolution of FC Patterns During the Handgrip Task  

The application of FC analysis to the fNIRS data collected in this study provided detail 

of cortical area interconnectedness during the entire duration of the handgrip task than 

seen in prior neuroimaging studies using similar protocols, which only reported results 
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for the beginning and the end of the task period.8, 9, 46, 62 In our work, seed regions were 

specifically placed at locations with significant hemodynamic activity namely, the lM1, 

the lDLPFC, and the rDLPFC. These seed regions are all known to be connected to the 

descending motor pathways that control hand and arm movements.8, 11, 12, 40, 73  

2.4.3.1 Overall FC Pattern Differences between Inactive and Active Subjects  

This study showed significant differences in FC patterns between inactive and active 

subjects when performing a fatiguing handgrip task. Active subjects exhibited more 

spatially extended FC patterns that persisted into the second half of the task, compared 

to inactive subjects that showed progressively diminished connectivity to areas distant 

to the seed region. Physical exercise is known to increase brain function throughout life 

and has been shown to enhance FC in the default mode network (DMN), frontoparietal 

network (FPN) , and motor network (MN) as well as increase gray brain volume in the 

prefrontal, and temporal cortex and the hippocampus.74-77 Physically active subjects’ 

expansive connectivity patterns highlight the greater availability of cortical network 

resources due to prior exercise. Overall, the findings of our work are consistent with the 

existing notion of exercise-related augmentation in FC at the resting state and during 

fatiguing tasks.9  

2.4.3.2 FC Pattern Comparisons with Seed at lM1 

The seed at lM1 indicated strengthened FC between bilateral DLPFC, bilateral PMC, 

and rM1/S1. However, the spatial extent, temporal persistence and hemispheric 

localization were different between inactive and active subjects. The M1 region is the 

primary neural output center of the brain to the working muscles because of its vital role 

in motor control and execution during exercise.8, 65 FC strength between lM1 and 
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bilateral DLPFC, which is which is associated with executive behavior control68, 78 and 

involved in motor planning and preparation,11, 12, 40 was present throughout the task in 

both groups. However, only active subjects’ FC strength towards bilateral DLPFC was 

consistent during the entire task, which is attributed as reinforcement of the top-down 

regulation to the primary and secondary motor cortices under fatiguing conditions.8, 11 A 

prior neuroimaging study also reported enhanced connectivity in young adult endurance 

athletes compared to heathy controls, similar to the difference in FC strength to bilateral 

DLPFC seen between inactive and active subjects in this study.77 The FC patterns 

between lM1 and rPMC and rM1/S1 regions illustrated the enhanced recruitment of 

cortical regions involved in motor planning and execution for active subjects compared 

to inactive subjects. Lastly, in prior fMRI work involving a similar protocol, the 1M1 

connectivity to bilateral S1 in active subjects was suggested to be due to increased 

sensory feedback from the arm muscles to the central motor command.8  

2.4.3.3 FC Pattern Comparisons with Seeds at lDLPFC and rDLPFC  

The DLPFC is extensively connected with the sensory-motor cortex and is associated 

with regulating attention, goal-directed behavior, thought, and motor planning and 

preparation.11, 12, 40, 68, 73, 79 However, the lDLPFC and rDLPFC are further involved in the 

role of approach and avoidance behaviors, respectively, which engenders differences in 

their connectivity with other cortical regions.40, 68, 79 As a result, our data not only 

showed that FC patterns had significant differences between active and inactive 

subjects for both seed locations, but also showed slightly different FC patterns within 

each subject category depending on whether the seed location was at the lDLPFC, or 

the rDLPFC.  
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The lDLPFC has also shown high connectivity strength with cortical regions that 

associated with the pursuit of approach-related goals,80such as maintaining MVC. The 

lDLPFC also exhibits connectivity in cortical regions that are important for goal pursuit80 

– hence the lDLPFC FC to rDLPFC, bilateral PMC, and bilateral M1/S1 which are 

involved in motor planning an execution for this task. As the task progressed and 

handgrip force production decreased, the FC strength of the lDLPFC regions to other 

cortical areas diminished in inactive subjects but became more spatially extended in 

active subjects. Under fatigue conditions, noradrenaline and dopamine are released 

which impair the top-down or executive control of the DLPFC and strengthen the 

bottom-up control, driven by the salience of the stimulus, through the amygdala, which 

results in a more reflexive and habitual motor responses.73 Prior FC studies have 

indicated that subcortical structures like the amygdala, basal ganglia, and anterior 

cingulate cortex, not accessible by fNIRS, reinforce the descending command under 

fatigue conditions which would contribute to maintaining task performance and possibly 

goal-pursuit.8, 68, 79, 80 Lastly, FC between the lDLPFC and other motor planning and 

control cortical regions is also dependent on subject motivation, which suggests that 

active subjects are more motivated that inactive subjects during this task.80  

The rDLPFC seed juxtaposes the difference in FC patterns between inactive and active 

subjects at each time period more clearly than the lDLPFC. This may be a result of the 

rDLPFC’s specialized involvement in the maintenance of prolonged physical exercise 

due to its role in avoidance, or more specifically inhibition of impulse responses.40 We 

propose that active subjects have stronger, persistent FC between rDLPFC and 

lDLPFC, bilateral PMC, and bilateral M1/S1 because they were able to inhibit bodily 
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afferences that arise with fatigue more successfully than their inactive counterparts.40 In 

addition, the rDLPFC strongest connection was to lDLPFC (Table S2), especially in 

active subjects at baseline (Table S3), possibly because inhibition was needed to 

maintain task performance that required stronger, longer-lasting FC to other higher-

order DLPFC areas, as suggested in a prior functional neuroimaging study.11, 12, 40 

2.4.3.4 Correlation between FC and Performance  

Correlation between regional FC and performance (i.e. time to 50% MVC) further 

exemplified the difference in FC strength between inactive and active subjects. Exercise 

has been suggested to improve neuronal activity and promote angiogenesis and 

vascular function to cortical brain regions including the motor cortex.32 In addition, 

resistance exercise increases torque- and power- generating capacity in the muscle, 

and also positively impacts functional plasticity in older subjects.81 This study further 

demonstrated that active subjects had a positive relationship between performance and 

FC strength in lM1, lDLPFC, and rDLPFC at nearly every time point. In contrast, inactive 

subjects had no significant correlation between performance and FC strength possibly 

due to limited exercise-related structural and functional changes. 

2.5  LIMITATIONS 

This study has some limitations that should be considered. Firstly, individuals were 

grouped based on a self-reported physical activity questionnaire which neglected to 

specify type of exercise (i.e. endurance or resistance) performed by the subject. This 

information could have better defined the active populations. In addition, fNIRS is limited 

in only measuring cortical brain areas and has lower spatial resolution compared to 

fMRI.35, 42 Also, short-distance channels ( < 1 cm) were not employed in this study as 
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they were not available in the commercial optode holder cap used. Signals measured by 

short-distance channels are dominated by systemic interferences from superficial scalp 

layers such as cardiac activity and respiration, and can be regressed out.82 Short-

distance channels could also provide blood flow changes in the extracerebral layer of 

the head due to the task.83 Additionally, it is unknown which other method(s) would be 

the best approach in removing physiological noise. There exist several different ways to 

remove global interference due to the scalp and skull hemodynamics in addition to the 

PCA in our work. These methods include i) short-distance channels, as previously 

mentioned, ii) use of ICA, iii) adaptive filtering, iv) calculating the mean signal over all 

channels and using the mean as a superficial regressor, or v) a combination of these 

methods can be used for removal.42, 84, 85 Thus, a quantitative comparison using 

different methods is warranted in future studies. 

2.6 CONCLUSION 

This is the first study, to our knowledge, that presents a direct comparison of differences 

in the temporal evolution of cortical hemodynamic activation and FC patterns between 

physically active and inactive subjects during a fatiguing handgrip task. The observed 

patterns suggest that physical activity modifies both baseline connectivity as well as the 

way that different cortical regions are recruited as subjects try to maintain maximum 

MVC for a prolonged time. Overall, hemodynamic activity moved from the sensory-

motor areas early into the task, towards the PMC and DLPFC as the task progressed. 

However, the temporal evolution of activation patterns was different between active 

subjects (30 minutes of moderately vigorous exercise at least 4 times a week) and 

inactive subjects (exercised less than twice a week), consistent with approach (active) 
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versus avoidance (inactive) tendencies towards the task goal. At the same time active 

subjects exhibited longer-lasting and broader connectivity patterns, which likely 

contributed to the sustenance of higher handgrip force output, compared to inactive 

subjects, as fatigue set in. These results provide preliminary evidence for broad network 

pattern differences across multiple cortical regions during a fatiguing task that are 

specific to subjects’ physical activity. We propose to use this protocol in future work as a 

novel means of evaluating exercise-induced functional changes in brain activation 

patterns in human health and disease.  
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Figure 2 - S1 Exercise induced variance in ΔHbO and ΔHbR. a) representative time-series of 

HbO and HbR at lM1. Significant (p < 0.05) difference in variability, as determined by Levene’s 

test, between 0 – 10 min and 10 – 20 min periods are shown for inactive subjects for b) ΔHbO 

and c) Δ HbR and active subjects for d) ΔHbO and e) ΔHbR. 
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Table 2 - S1 Spatial registration of fNIRS channel positions on a standard brain fMRI atlas. MNI 

coordinates displayed as mean (SD); r-right contralateral brain hemisphere; l- left ipsilateral 

brain hemispheres. 

CHANNEL  
x 

MNI 
y 

 
z 

ROI BA 

10 -18.70(4.14) 58.42(6.75) 34.80(10.06) lDLPFC BA9 

12 23.84(4.12) 57.20(7.52) 35.33(8.66) rDLPFC BA9 

13 -44.86(4.27) 45.98(6.40) 22.55(9.36) Broca's BA44/45 

14 -29.03(5.33) 49.56(8.06) 37.27(9.58) lDLPFC BA9 

15 -9.38(2.74) 52.12(9.01) 46.03(8.77) lDLPFC BA9 

16 14.47(2.39) 51.38(9.31) 46.27(8.47) rDLPFC BA9 

17 33.59(4.55) 48.26(8.68) 37.98(7.90) rDLPFC BA9 

18 48.38(3.69_ 45.52(7.43) 22.92(8.17) rDLPFC BA9 

19 -52.56(4.03) 33.44(7.80) 22.02(5.60) Broca's BA44/45 

20 -39.89(4.55) 38.27(9.44) 39.21(9.17) lDLPFC BA9 

21 -19.52(3.54) 40.94(10.90) 51.24(9.18) lDLPFC BA9 

23 23.44(3.81) 40.15(10.54) 52.16(7.06) rDLPFC BA9 

24 41.97(7.65) (36.82(9.38) 40.21(7.67) rDLPFC BA9 

25 54.21(7.13) 32.68(8.64) 23.36(7.57) Broca's BA44/45 

27 -58.54(3.43) 19.56(9.53) 21.71(7.33) Broca's BA44/45 

28 -48.61(4.40) 25.98(9.87) 39.86(7.89) Broca's BA44/45 

29 -31.88(5.64) 28.91(11.57) 53.58(8.18) lDLPFC BA9 

32 33.44(6.50) 28.23(11.01) 54.55(5.99) rDLPFC BA9 

33 50.08(5.45) 24.61(10.67) 41.23(6.81) rDLPFC BA9 

38 -56.91(4.65) 10.29(11.67) 37.30(6.35) lPMC BA6 

39 -42.89(4.48) 16.08(12.82) 5427(5.84) lDLPFC BA9 

43 44.30(5.84) 14.72(13.02) 54.74(5.04) rDLPFC BA9 

45 66.92(2.55) 1.39(9.31) 18.61(7.65) rPMC BA6 

49 -51.35(4.99) 1.94(14.33) 52.29(4.78) lPMC BA6 

50 -33.21(8.22) 5.89(15.35) 65.29(4.91) lPMC BA6 

51 -13.64(4.83) 7.74(15.97) 71.09(6.52) lPMC BA6 

52 13.56(6.13) 6.86(16.50) 72.09(4.26) rPMC BA6 

54 53.55(5.44) -1.08(13.36) 52.15(4.31) rDLPFC BA9 

55 66.23(3.48) -7.32(10.61) 34.15(5.19) rPMC BA6 

60 -44.47(3.17) -8.64(15.74) 61.53(3.68) lPMC BA6 

61 -22.38(3.13) -8.42(17.48) 73.18(2.64) lPMC BA6 

63 23.73(2.47) -9.14(16.25) 73.74(8.32) rPMC BA6 

64 47.03(3.30) -
12.36(14.16) 

62.18(2.84) rPMC BA6 

65 63.67(2.77) -
19.62(11.49) 

46(4.08) rPMC BA6 
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70 -54.95(2.56) -
26.30(14.18) 

55.56(3.49) lS1 BA1/2/3 

71 -35.54(2.76) -
23.18(16.20) 

70.86(2.40) lM1 BA4 

72 -13.97(1.75) -
20.91(16.47) 

77.76(1.37) lM1 BA4 

73 14.26(1.47) -
21.55(15.61) 

77.77(0.88) rPMC BA6 

74 36.65(3.68) -
23.80(17.56) 

71.47(1.44) rM1 BA4 

75 56.12(457) -
29.95(12.78) 

56.02(2.95) rS1 BA1/2/3 

76 67.41(3.16) -
49.94(63.79) 

38.03(5.91) lS1 BA1/2/3 

81 -46.74(3.49) -
37.18(14.07) 

63.06(4.34) lS1 BA1/2/3 

82 -23.38(5.10) -
36.33(15.76) 

74.06(3.00) lM1 BA4 

84 24.74(3.07) -
37.65(14.31) 

73.61(6.53) rM1 BA4 

85 47.24(5.01) -
39.26(13.27) 

62.92(3.91) rS1 BA1/2/3 

95 34.62(4.74) -
53.02(11.79) 

67.73(5.53) rS1 BA1/2/3 
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Table 2 - S2 Pearson’s correlation analysis summary between regional FC magnitude and time 

to 50% MVC (Pearson’s correlation coefficient (r) and p-value). 

 
lM1 and 
lDLPFC 

lDLPFC and 
rDLPFC 

lDLPFC and 
rDLPFC 

  r p r p r p 

Inactive 

Baseline 0.47 0.13 0.54 0.07 0.19 0.55 

0 – 10 
min 

0.65 0.02 0.85 0.0005 0.83 0.001 

10 – 20 
min 

0.69 0.01 0.59 0.04 0.77 0.003 

Active 

Baseline 0.81 0.003 0.57 0.07 0.79 0.004 

0 – 10 
min 

0.72 0.01 0.62 0.04 0.89 0.0003 

10 – 20 
min 

0.87 0.0005 0.66 0.03 0.85 0.001 

 

Table 2 - S3 Correlation coefficients comparison summary between inactive and active subjects 

for regional FC magnitude and 50% MVC (z-value and p-value). 

 
lM1 and 
lDLPFC 

lDLPFC and 
rDLPFC 

lDLPFC and 
rDLPFC 

 z p z p z p 

Baseline -1.27 0.20 -0.09 0.92 -1.81 0.07 

0 – 10 min -0.27 0.78 1.09 0.28 -0.48 0.63 

10 – 20 min -1 0.32 -0.24 0.81 -0.49  0.62 
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CHAPTER 3 

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 

 

This chapter is a publication at the journal of Frontiers in Neuroscience on March 2020. 

(14: 10.3389/fnins.2020.00167)  

Authors: Elizabeth L. Urquhart, Xinlong Wang, Hanli Liu, Paul J. Fadel, and George 

Alexandrakis 

3.1  INTRODUCTION 

Cerebral autoregulation helps maintain a relatively constant oxygen supply to the brain 

during changes in arterial blood pressure, by maintaining cerebral blood flow (CBF) 

relatively constant. This occurs via vasoconstriction in response to increased blood 

pressure and vasodilation in response to decreased blood pressure. Regional CBF 

(rCBF) is flow-mediated vasodilation from distal to proximal vessels that occurs in 

activated brain regions which protects downstream microvascular pressure.32, 86-89 There 

are overlapping regulatory mechanisms of rCBF that have been classified into contiguous 

ranges of hemodynamic frequencies as endogenic (0.003 – 0.02 Hz), neurogenic (0.02 – 

0.04 Hz), and myogenic (0.04 – 0.15 Hz).90, 91 These frequency oscillations reflect the 

influence of endothelial-related metabolic activity, intrinsic neuronal activity, and 

myogenic activity of the vascular smooth muscle, respectively.90-92 Exercise may also 

modulate the regulatory mechanisms in each frequency band. Exercise is known to 

improve cardiovascular health93 and brain health.1, 89 Regular exercise produces 
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beneficial alterations in the brain that maintain or improve cognition,1, 94 and promote 

motor function,32 known as exercise-dependent neuroplasticity.  

The hemodynamic oscillations at these frequency bands can be measured using 

functional brain mapping using functional magnetic resonance image (fMRI),95 or 

functional near-infrared spectroscopy (fNIRS).85, 91, 94, 96 FNIRS measures noninvasively 

the change of oxyhemoglobin (ΔHbO) and deoxyhemoglobin (ΔHb) concentrations 

resulting from neurovascular coupling secondary to neuronal activation by utilizing light 

at near-infrared wavelengths (650-1000 nm). It is advantageous because of its relatively 

lower cost, portability, robustness to motion artifacts, and its higher temporal resolution 

compared to fMRI.35, 42  

In recently completed work, we demonstrated interesting temporal evolution patterns for 

hemodynamic activation and static functional connectivity (SFC) changes that depended 

on the physical activity levels of subjects while they were trying to maintain maximal 

handgrip task performance.97 That work identified that physically active subjects 

experienced delayed fatigue onset as evident by their greater ability to maintain maximum 

voluntary contraction (MVC) force accompanied by longer-lasting and more spatially 

extended activation and SFC patterns in the primary motor (M1), premotor and 

supplementary motor areas (PMC/SMA) and the prefrontal cortex (PFC).97 In contrast to 

the static networks explored in our previous work, the purpose of this work was to examine 

changes in dynamic cortical network patterns and how they relate to handgrip task 

performance for each hemodynamic frequency band, as a function of a subjects’ physical 

activity level. 
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In this work we first applied directional phase transfer entropy (dPTE) analysis, a 

computationally efficient and data-driven method previously used in 

electroencephalography (EEG) research,98 to estimate changes in the direction of 

information flow during the fatiguing handgrip task. It has been applied recently to fNIRS 

in one study,85 but dPTE analysis has not been employed, to our knowledge, as yet to 

explore the effect of fatigue on the brain’s networks. The net direction of information flow, 

or directional connectivity (DC), was also quantified between regions to better understand 

motor control regulation under fatiguing conditions.98 A simultaneous multimodal 

neuroimaging study using fNIRS, fMRI, and EEG has previously examined directionality 

via Wiener-Granger causality on finger movement tasks, but their results were confined 

to the contralateral (i.e. left) hemisphere only and not broader cortical networks.99 We 

also explored the relationship between SFC and functional connectivity variability (FCV), 

which represents spontaneous dynamic fluctuations of connectivity over time.100 This was 

motivated by the fact that SFC is known to increase with task performance,8, 32, 97 while 

FCV reflects resource availability during demanding tasks.100, 101 The aim of this work was 

to identify differences between subject groups across all of the aforementioned fNIRS 

metrics and hemodynamic frequency bands. In addition, we aimed to demonstrate the 

feasibility of using time-dependent fNIRS metrics to help understand how dynamic 

connectivity regulation of cortical networks relates to performance during a fatiguing 

motor task.  
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3.2  MATERIALS AND METHODS 

3.2.1  Participants 

Twenty-three young adults (4 females) between the ages 18-30 (mean age 25.13 + 

3.72) participated in this study. All subjects gave prior written informed consent for their 

participation in this study, which was approved by the Institutional Review Board of the 

University of Texas at Arlington (IRB# 2018-0686) and performed in accordance with 

the Declaration of Helsinki. All but two subjects were right-handed, as determined by the 

Edinburgh handedness scale.43 All subjects were free of any neurological or psychiatric 

disorders (self-reported), and were non-smokers. Subjects self-reported as being 

physically inactive (n=12, exercising less than twice a week for 30 min of moderately 

vigorous exercise), or active (n=11, exercising at least 4 times a week for 30 min of 

moderately vigorous exercise).  

3.2.2  Experimental Procedures 

A continuous wave fNIRS imaging system (OMM-3000, Shimadzu Corp., Kyoto, Japan) 

was used in this experiment, which utilized near infrared light diode sources (780, 805, 

and 830 nm) and photomultiplier detectors at a sampling frequency of 10.101 Hz. The 

setup geometry consisted of 32 sources and 34 detectors with a separation of 3 cm, 

resulting in 111 source-detector channels (Fig. 3 - 1A). This probe geometry covered 

cortical areas of the following 11 regions of interest (ROIs) (Fig. 3 - 1B): left and right 

frontopolar prefrontal cortex (lFP; rFP), left and right dorsolateral prefrontal cortex 

(lDLPFC; rDLPFC), Broca’s area, left and right premotor cortex (lPMC; rPMC), left and 

right primary motor and sensory cortical (lM1/S1; rM1/S1) areas, and left and right 

sensory association cortex (lSAC; rSAC). Anatomical cranial reference points (nasion, 
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inion, left and right preauricular points and vertex) and optode locations were recorded 

for each subject using a 3D digitizer (FASTRAK, Polhemus VT, USA). Montreal 

Neurological Institute (MNI) coordinates for each source and detector location were 

calculated using the statistical parametric mapping NIRS_SPM software, which 

provided the Brodmann area (BA) corresponding to each fNIRS channel as shown in 

Table 3 - S1.45  

Subjects sat upright with their dominant arm at their side, elbow flexed at 90º and 

resting on a table. Subjects faced two screens that displayed protocol commands and 

visual feedback of handgrip performance (Fig. 3 - 1C). Prior to starting the handgrip 

task, subjects performed three to five isometric MVCs with their dominant hand. All 

MVCs were recorded at a 1 kHz sampling rate using a handgrip dynamometer 

(BIOPAC, CA, United States). The pre-task MVCs were averaged for each subject and 

set as their maximum target of 100% MVC to reach during the subsequent handgrip 

task. The fNIRS data acquisition began with a 5 min resting period where subjects were 

asked to refrain from any movement or specific thoughts, followed immediately by a 

fatiguing handgrip task. The task required subjects to perform intermittent handgrip 

contractions for 3.5 s alternating with 6.5 s of rest for 120 blocks (Fig. 3 - 1D) while 

attaining 100% MVC as closely as possible, as a means to induce fatigue in the 

forearm.3, 4, 8, 9 The recorded force time-series data were low-pass filtered at 15 Hz and 

the maximum force for each block was calculated.9, 46  
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Figure 3 - 1 Experimental set up and protocol timeline for the handgrip task. A) FNIRS 111-

channel layout with eleven regions of interest (ROIs) covered by the probe geometry: left and 

right frontopolar (lFP; rFP) (red) , left and right pre-frontal cortex (lDLPFC; rDLPFC) (yellow), 

Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light blue), left and right 

primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left and right sensory 

association cortex (lSAC; rSAC) (pink). B) Each circle shows the spatial average of the probe 

coordinates in each ROI, per brain hemisphere. These averaged probe locations served as 

reference points for plotting dPTE and DC between ROIs in this work. C) Schematic of the 

experimental set-up of the fNIRS (LABNIRS) system and the BIOPAC handgrip force sensor 

system with one representative source-detector channel shown for simplicity. D) The handgrip 

task protocol, starting with a 5-minute baseline. Subjects performed intermittent handgrip 

contractions for 3.5 s followed by 6.5 s of rest for 120 blocks at 100% MVC. 

3.2.3  Data Preprocessing  

This study used the open-source Homer2.0 to process (Table 3 - S2) the collected 

fNIRS data.42 Detrending was implemented using the least-squares fit of a line that was 

subtracted from the data.47 The data were then filtered for each respective frequency 

band. Following previously published work, frequency bands were defined as endogenic 

(0.003 – 0.02 Hz), neurogenic (0.02 – 0.04 Hz), and myogenic (0.04 – 0.15 Hz).85, 102 
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Data in each of these three hemodynamic frequency bands were low-pass filtered by a 

3rd order and high-pass filtered by a 5th order Butterworth filter.42 Channels were 

removed if signal standard deviations were greater than two times their mean signal 

amplitude.85 Principal component analysis (PCA) was utilized to remove motion artifacts 

and global hemodynamic fluctuations that may overlap with the task-related 

hemodynamic response frequencies. The first two principal components were removed 

from all fNIRS channel data in order to remove these global artificats35, 42 To avoid 

signal contamination especially by branches from the middle cerebral artery or the 

superficial temporal artery and temporal muscle, channels located near these structures 

were also removed from analysis.103, 104 The resulting optical density data were then 

converted into changes in hemoglobin concentration relative to baseline (ΔHbO and 

ΔHb) using the Modified Beer-Lambert Law with an estimated differential pathlength 

factor of 6.0 for each wavelength, an estimate used in Homer 2.0.49 Only ΔHbO values 

were presented in the Result section below because ΔHb values were found to have 

similar and opposite qualitative trends, but with smaller amplitudes and lower signal-to-

noise ratio as previously reported in other neuroimaging studies observing motor 

activation tasks.52, 53 Nevertheless, corresponding ΔHb results were included in the 

Supplementary Information section for completeness. Left-handed subjects’ data was 

flipped to its mirror image on the brain for group averaging purposes and the 

subsequent interpretation for all data was right (r) for contralateral and left (l) for 

ipsilateral brain hemispheres relative to the arm performing the handgrip task.  
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3.2.4  Phase Transfer Entropy (PTE) and Directed PTE (dPTE) Data Analysis 

The information flow between ROIs was estimated using phase transfer entropy (PTE) 

based on the same principle as Granger Causality.85, 98, 105 It is calculated as the 

difference between the uncertainty of the target signal Y conditioned by its past and the 

uncertainty of the target signal conditioned on both its past and the source signal X:85, 98 

 𝑷𝑻𝑬𝑿𝒀 = 𝑯(𝒀𝒕+𝜹|𝒀𝒕) − 𝑯(𝒀𝒕+𝜹|𝒀𝒕, 𝑿)    (1) 

where PTEXY is the PTE from source X to target signal Y. Shannon Entropy (H) is 

defines as: 

𝑯(𝒀𝒕+𝜹) = − ∑ 𝒑(𝒀𝒕+𝜹𝒊
)𝒍𝒐𝒈𝒑(𝒀𝒕+𝜹𝒊

)𝒏
𝒊=𝟎     (2) 

where the summation is performed for discrete time steps t+δi (i=0, n), where n signifies 

the total number of time bins, defined by the product of the time interval duration (rest, 

or task period) in seconds and the data sampling frequency of 10.101 Hz. The delay 

between signal 𝑌𝑡  and 𝑌𝑡+𝛿𝑖
 is expressed as δi. For a more complete description of how 

Shannon entropy is computed the reader is referred to relevant prior literature.98, 106, 107 

Due to PTEXY lacking a meaningful upper boundary and to reduce bias, a normalizing 

process is used:98 

𝒅𝑷𝑻𝑬𝑿𝒀 =
𝑷𝑻𝑬𝑿𝒀

𝑷𝑻𝑬𝑿𝒀+𝑷𝑻𝑬𝒀𝑿
.     (3) 

With a range between 0 and 1, if 0.5 < dPTEXY < 1 the information flow is preferentially 

from X to Y. But, if 0 < dPTEXY < 0.5, then the information flow is preferentially from Y to 

X. In the event that dPTEXY = 0.5, there is no preferential direction of information flow.85, 

98 
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3.2.5  Data Processing Steps for dPTE 

Directed PTE analysis was applied to calculate information flow for the endogenic, 

neurogenic, and myogenic frequency bands at three periods: 5 min of resting state, 0-

10 min, and 11-20 min of the handgrip task. Directed PTE for resting state requires a 

minimum of 5 min to attain stable computed values98 and in this work 10 min periods 

were used to account for the higher amount of hemodynamic variation during the 

handgrip paradigm.97 Firstly, PTE analysis was performed to quantify causality between 

every two channels among all 111 channels. Then PTE values were normalized into 

dPTE values, generating a 111 x 111 matrix. The value at Xth row and Yth column 

determined the scale of information flow from Y to X. If dPTE was between 0 and < 0.5 

the net information flow was from Y to X, whereas if dPTE > 0.5 the net flow was from X 

to Y. If dPTE was equal to 0.5, within a rounding error of two decimals, no net 

information flow was assumed. Then the dPTE was averaged lengthwise by row, 

yielding a 1 x 111 matrix, which was the mean dPTE between each one channel and all 

other channels.85 The two channels with the highest ROI percentage overlap relative to 

neighboring ROIs, as determined by NIRS_SPM, were averaged together and assigned 

to each ROI, yielding a 1 x 11 matrix. The high signal variability induced during the task, 

as demonstrated in our previous work,97 did not allow for identification of statistically 

significant changes in individual channels. Therefore, the dPTE channels were 

averaged from up to 11 channels to 2 per ROI in order to allow for comparisons 

between dPTE at rest and during the task that could lead to statistically significant 

differences . A one-sample t-test was then performed across subjects for significant 

differences in dPTE across all possible pairs of ROIs (p < 0.05 and false discovery rate 
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(FDR) corrected).54 This test was used to determine significant net information flow into 

or out of each ROI by testing against the null hypothesis of no net flow, where positive t-

values indicated outgoing net information flow (‘source’) and negative t-values indicated 

incoming net information flow (‘sink’). Significant net information flow values for each 

ROI were visualized using BrainNet Viewer, an open-source software package,55 for 

each frequency band at each period per subject group. Dedicated software (G * Power 

v3.0.10, Franz Fual, Kiel University, Kiel Germany) was used to perform post hoc 

statistical power (1-β) analysis.108  

3.2.6  Directional Connectivity (DC) 

The dPTE values were first averaged to a single channel within each of the ROIs, 

generating an 11 x 11 matrix. A one-sample t-test was then performed across subjects 

for significant differences in dPTE across all possible pairs of ROIs (p < 0.05 and FDR 

corrected).54 This test was used to determine directionality of significant information flow 

between each pair of ROIs by testing against the null hypothesis of no net flow (dPTEXY 

= 0.5), where positive t-values indicated net information flow from ROI1 to ROI2 and 

conversely for negative t-values. Topographic images for DC were generated using 

BrainNet Viewer software55 for each frequency band at each period per subject group. 

3.2.7  Static FC (SFC) and FC Variability (FCV) Analysis 

For each subject’s data set, a static functional connectivity (SFC) matrix was generated 

by computing the Pearson’s correlation coefficient (r) between the ROI-averaged 

channels per brain hemisphere.100, 101 Subsequently, dynamic functional connectivity 

(DFC) between pairs of ROIs was calculated using a sliding-window correlation 

(SWC).100, 101, 109 In this study, a 60 s time window was selected and shifted in 1 s 
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increments along the entire time course as described in prior fNIRS studies.101, 110, 111 

The FC within each time window was also calculated for each pair of ROIs via the 

Pearson’s correlation coefficient. Then the functional connectivity variability (FCV) was 

calculated as the standard deviation of the correlation coefficient along time.100 For 

group analysis, the FCV of each correlation coefficient for each ROI was averaged 

across subjects in each group.  

3.3 RESULTS 

3.3.1  Relative Changes in MVC over time 

The loss of handgrip force, expressed as the relative reduction in %MVC compared to 

the pre-task maximum value, was quantified as a proxy measure of fatigue. Force data 

was first averaged over 12 blocks for the 0-2 min period. An independent t-test, 

satisfying normality and equal variance assumptions, determined that there was no 

significant (p > 0.05) difference between groups (not shown), indicating subjects did not 

fatigue within this initial period. Force data were then averaged over 60 blocks resulting 

in two periods (0-10 min and 11-20 min) across the 120 contractions. As these data 

periods did not meet assumptions for independent t-tests, data was analyzed using the 

nonparametric Mann-Whitney U test.58 The absolute force produced by active subjects 

was significantly higher than inactive subjects at 0-10 min (p < 0.01) and 11-20 min (p < 

0.001). Lastly, %MVC force decreased significantly between periods in both active (p < 

0.001) and inactive (p < 0.01) subjects.  
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Figure 3 - 2 Force produced during intermittent handgrip contractions while physically inactive 

and active subjects attempted to attain 100% MVC. Each bar represents an average of 60 

consecutive trials, expressed as the Mean (bar height) + Standard Error to the Mean (SEM; 

error bar). **p < 0.01, ***p < 0.001.  

3.3.2 Frequency Band Analysis with Information Flow and Directional Connectivity 

The net information flow among the eleven ROIs (lPF, rFP, lDLPFC, rDLPFC, Broca’s, 

lPMC, rPMC, lM1/S1, rM1/S1, lSAC, and rSAC) during the three task periods (rest, 0-10 

min, and 11-20 min) was computed by dPTE analysis for the endogenic, neurogenic, and 

myogenic hemodynamic frequency bands and plotted in color-coded maps. In these 

maps, blue ROIs indicate net incoming information flow (the channels at those cortical 

locations are a ‘sink’) and red ROIs indicate net outgoing information flow (these channels 

are ‘sources’). Green ROIs indicate no statistically significant net flow.  
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The directionality of information flow (DC) was averaged within each of the eleven ROIs, 

so as to enable averaged, region-specific dPTE values that were amenable to statistical 

comparisons. The latter yielded differing spatial DC patterns between inactive and 

active subjects that are presented here for each hemodynamic frequency band. The 

unidirectional arrows originate from a source ROI and end in a sink ROI. Black arrows 

correspond to a significance of p < 0.05 and red arrows denote a significance of p < 

0.01. 

All one-sample t-tests satisfied normality assumptions for dPTE and DC analyses. While 

physiological interferences were minimized using band-pass filters and PCA filter for 

each frequency band, global mean removal was also applied, and results were 

effectively indistinguishable between the methods. A post hoc power analysis with α = 

0.05 yielded a statistical power of 80% for both groups.  

3.3.2.1  Endogenic Frequency Band 

Maps of net information flow in the endogenic frequency band are shown in Figs. 3 - 3A 

- 3 - 3C (Figs. 3 - S1A - 3 - S1C for ΔHb) for inactive subjects and Figs. 3 - 3D -3 - 3F 

(Figs. 3 - S1D -3 - S1F for ΔHb) for active subjects. Outgoing information (sources) 

differed between the groups at all time periods. Inactive subjects had a statistically 

significant sink at lM1/S1, whereas active subjects had a dPTE sink at lFP at rest in the 

endogenic frequency band (Fig. 3 - 3A; Fig. 3 - 3D). For inactive subjects, rFP, lDLPFC, 

rDLPFC, and Broca’s area were statistically significant sinks initially (Fig. 3 - 3B) that 

later became more strongly unilateral at rFP, rDLPFC, and rPMC as the task 

progressed (Fig. 3 - 3C). Additionally, inactive subjects had a statistically significant 

dPTE source at lPMC (Fig. 3 - 3C). In contrast, active subjects had a significant sink at 
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lDLPFC and rSAC initially (Fig. 3 - 3E) that changed to lFP, rFP, and rDLPFC as the 

task progressed(Fig. 3 - 3F).  

In the endogenic frequency band, inactive subjects had notably more ROI pairs with 

significant DC than active subjects at rest (inactive: 6, active: 0), in the 0-10 min 

(inactive: 1, active: 0), and the 11-20 min intervals of the task (inactive: 8, active: 4) 

(Figs. 3 - 3G - 3 - 3L; Figs. 3 - S1G - 3 - S1L for ΔHb). During the task, inactive subjects 

initially had statistically significant DC form rPMC to Broca’s area (Fig. 3 - 3H). 

However, as fatigue worsened in the second half of the task lM1/S1 became the primary 

functional area source connecting to bilateral FP, bilateral PFC, Broca’s area, rPMC, 

and rSAC (Fig. 3 - 3I). Additionally, inactive subjects had two DC pairs in the 11-20 min 

period (lM1/S1 to rFP and lM1/S1 to rSAC) that had higher statistical significance (p < 

0.01) (Fig. 3 - 3I).  

In contrast, active subjects had an absence of significant net information flow between 

ROIs during rest and the 0-10 min periods (Fig. 3 - 3J -3 - 3K) and only exhibited 

significant net information flow between a few functional regions (from lPMC, rM1/S1, 

and rSAC to rDLPFC and rM1/S1 to lFP) in the 11-20 min period (Fig. 3 - 3L).  
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Figure 3 - 3 Significant dPTE and DC in the endogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHbO. Directed PTE t-values for each ROI as a color-

coded map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold 

(light blue-dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 
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blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 

3.3.2.2  Neurogenic Frequency Band 

Information flow in the neurogenic frequency band is shown in Figs. 3 - 4A - 3 - 4C 

(Figs. 3 - S2A -3 - S2C for ΔHb) for inactive subjects and Figs. 3 - 4D - 3 - 4F (Figs. 3 - 

S2D - 3 - S2F for ΔHb) for active subjects. At rest, inactive and active subject had dPTE 

sinks at the same ROIs, lFP and rFP (Fig. 3 - 4A; Fig. 3 - 4D). These dPTE sinks 

persisted during the handgrip task while the number of dPTE sources increased 

between the 0 -10 min and 11-20 min periods in both groups. In particular, inactive 

subjects had one dPTE source at rPMC in the first task period and none in the second 

period (Figs. 3 - 4B - 3 - 4C). For active subjects, there were two sources at rPMC and 

lM1/S1in the first period with two additional sources, at rDLPFC and lPMC, presenting in 

the second period (Figs. 3 - 4E -3 - 4F).  

At the neurogenic frequency band, inactive subjects had more regions with significant 

net information flow than active subjects at resting state (inactive: 23, active: 10). 

However, active subjects had more significant regions with net information flow during 

the task at 0-10 min (inactive: 17, active: 25), and 11-20 min (inactive: 20, active: 26) 

(Figs. 3 - 4G - 3 - 4L; Figs. 3 - S2G - 3 - S2L ΔHb). Additionally, both groups had 

several directed connections with higher statistical significance (p < 0.01) at the first half 

(inactive: 7, active: 3) and the second half (inactive: 7, active: 5) of the task. All but one 

of these connections were directed to the FP regions bilaterally (Figs. 3 - 4G - 3 - 4L). At 

rest, inactive subjects had most ROIs connected to the FP regions bilateral (Fig. 3 - 4G) 

whereas, active subjects’ statistically significant ROIs primarily connected to the lFP 
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(Fig. 3 - 4J). During the task, inactive subjects’ significant directional connections were 

more unilateral, favoring the contralateral hemisphere and primarily directed to the FP 

regions bilaterally (Figs. 3 - 4H -3 - 4I). In contrast, active subjects had more bilateral 

connections which were largely directed to the rFP, lFP, lDLPFC, and Broca’s area 

(Figs. 3 - 4K - 3 - 4L).  
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Figure 3 - 4 Significant dPTE and DC in the neurogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHbO. Directed PTE t-values for each ROI as a color-

coded map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold 

(light blue-dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 

blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 
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3.3.2.3  Myogenic Frequency Band 

Information flow in the myogenic frequency band is shown in Figs. 3 - 5A -3 - 5C (Figs. 

3 - S3A - 3 - S3C for ΔHb) for inactive subjects and Figs. 3 - 5D - 3 - 5F (Figs. 3 - S3D -

3 - 3F for ΔHb) for active subjects for each task period. Notably, the myogenic 

frequency had no significant sources for both groups (Fig. 3 - 5A -3 - 5F). At rest, both 

groups had significant sinks at lFP, rFP, and lM1/S1 (Fig. 3 - 5A; Fig. 3 - 5D). During the 

task, the number of ROIs with sinks increased from 9 to 10 in inactive subjects (Figs. 3 - 

5B - 3 - 5C) and from 8 to 10 in active subjects (Figs. 3 - 5E - 3 - 5F). 

At the myogenic frequency band, inactive subjects had more regions with significant net 

information flow than active subjects during the resting state (inactive: 21, active: 11), 

the 0-10 min (inactive: 5, active: 1), and the 11-20 min (inactive: 7, active: 1) task 

intervals (Figs. 3 - 5G -3 - 5L; Figs. 3 - S3G -3 - S3L for ΔHb) . During resting state, 

inactive subjects had five very significant (p < 0.01) directed connections originating 

from the rDLPFC, Broca’s area, and rSAC, all ending at the FP regions bilaterally (Fig. 3 

- 5G). In contrast, active subjects had only one very significant directed connection from 

rM1/S1 to lM1/S1 (Fig. 3 - 5J). During the task, inactive subjects initially had net 

information outflow from M1/S1 bilaterally (Fig. 3 - 5H); however, as the task progressed 

surrounding ROIs such as rDLPFC, and lSAC became information outflow sources 

directed at the lPMC and lM1/S1 (Fig. 3 - 5I). In contrast, active subjects demonstrated 

lM1/S1 as a net information outflow to lPMC during the first half of the task (Fig. 3 - 5K) 

but later transitioned as a net informational inflow from lSAC at the second half of the 

task (Fig. 3 - 5L).  
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Figure 3 - 5 Significant dPTE and DC in the myogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHbO. Directed PTE t-values for each ROI as a color-

coded map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold 

(light blue-dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 
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blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 

3.3.3  Correlations between SFC and FCV 

Correlation patterns between SFC and FCV were also explored for each frequency 

band and subject group, before and during the handgrip task (Fig. 3 - 6). A 

representative pattern comparison between group-level SFC and FCV matrices and the 

resulting linear correlation plot are shown in Fig. 3 - 6A as an example of how the 

subsequent correlation plots were generated. Correlation plots for endogenic (top), 

neurogenic (middle), and myogenic (bottom) frequency bands are shown for inactive 

subjects in Fig. 3 - 6B and active subjects in Fig. 3 - 6C.  

In the endogenic frequency band, quantitative correlation analysis revealed a strongly 

significant (p < 0.001) negative correlation between SFC and FCV at resting state and 

for the 11-20 min task interval for inactive subjects (Fig. 3 - 6B, top row). Similarly, 

strong negative correlations were found for all task periods for active subjects (Fig. 3 - 

6C, top row). The correlation between SFC and FCV at 0-10 mins for inactive subjects 

was not significant but was marginally close to the significance criterion of p = 0.05 (p = 

0.07).  

Correlation analysis was significant (p < 0.001) in the neurogenic frequency band both 

for inactive (Fig. 3 - 6B, middle row) and active subjects at 0-10 min period only (Fig. 3 - 

6C, middle row). Pearson’s coefficient (r) values mostly indicated positive correlations, 

except for active subjects at resting state. Generally, the correlation trends were positive 

in contrast to the endogenic frequency band.  
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Quantitative correlation analysis at the myogenic frequency revealed significant (p < 

0.01) negative correlation between SFC and FCV at 1-10 min and 11-20 min for inactive 

subjects (Fig. 3 - 6B, bottom row) and at the 1-10 min period for active subjects (Fig. 3 - 

6C, bottom row). The correlation at the rest period for inactive subjects missed 

significance marginally (p = 0.06). The negative correlation trend in the myogenic 

frequency band was similar to that in the endogenic frequency band.  

Overall, these plots illustrate a negative correlation trend in the endogenic and 

myogenic frequency bands and a positive correlation in the neurogenic frequency band, 

regardless of the physical activity levels of subjects. However, absolute z-values for 

inactive subjects were greater than active subjects for each frequency band, for both the 

positive and the negative trends, except for the 0-10 min and 11-20 min period in the 

endogenic frequency band.  
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Figure 3 - 6 Pattern comparison between static functional connectivity (SFC) and functional 

connectivity variability (FCV) at endogenic, neurogenic, and myogenic frequencies for inactive 

and active subjects during the handgrip task. A) A representative example of the group-

averaged SFC matrix (left), the FCV matrix (middle), and the linear relationship between them 

(right). B) Correlation plots between SFC and FCV for inactive subjects and C) active subjects 

at endogenic (top), neurogenic (middle), and myogenic (bottom) frequencies during resting state 

(left), 0-10 min (middle), and 11-20 mins (right) of the handgrip task.  
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3.4 DISCUSSION 

Cerebral autoregulation is a multifactorial process of maintaining cerebral perfusion and 

brain tissue oxygenation against changes in arterial blood pressure that is challenged 

during exercise.88 The brain maintains relatively constant regional CBF (rCBF) through 

coordinated effort of endogenic, neurogenic and myogenic mechanisms that are known 

to be active in different hemodynamic frequency bands.86, 88-90 The correspondence of 

each of these physiological mechanisms to distinct hemodynamic frequency bands 

enabled us to examine in this work how different fNIRS metrics could provide 

information about the interplay of these neurovascular coupling mechanisms during a 

fatiguing handgrip task.  

Firstly, patterns of net information flow quantified by total dPTE-per-ROI,98 calculated as 

the sum of all pair-wise contributions to each ROI, revealed which ROIs contributed to 

regulation (information sources) versus which were being regulated (information sinks) 

during the handgrip task.92 As the directionality of dominant contributions to net 

information flow is not evident in the total dPTE-per-ROI metric, the DC between ROIs 

was quantified also. The unidirectional connections indicate that one of the two ROIs 

serves as a functional source of coupling with a regulatory role over the connected sink 

region.92 While results for ΔHbO only were discussed above in detail, the corresponding 

ΔHb results were examined as well (Supplementary Materials). In all, ΔHb signals 

yielded smaller dPTE values and fewer significant DC channel pairs due to smaller 

amplitudes and lower signal-to-noise ratio compared to ΔHbO signals, although the 

general trends were similar.  
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Furthermore, frequency band-based analyses were applied here to study the 

relationship between SFC, which measures coupling strength between ROIs and is 

known to increase with task performance,8 and FCV, which reflects changes in 

spontaneous dynamic neural activity patterns between ROIs and relates to resource 

availability during demanding tasks.100, 101 The relationship between SFC and FCV was 

studied here for each hemodynamic frequency band to help understand their 

interdependence in the context of maintaining handgrip performance in the presence of 

fatigue. The latter was evident in the decline in %MVC (Fig. 3 - 2) during a handgrip 

task. Our results showed differences between subject groups across all fNIRS metrics 

and hemodynamic frequency bands, suggesting that active subjects used different 

cortical activity strategies compared to inactive ones to maintain handgrip performance 

with increasing fatigue. 

3.4.1  Endogenic Frequency Band 

Subjects with different physical activity levels displayed different dPTE and DC patterns 

in the endogenic (0.003 - 0.02 Hz) frequency band (Fig. 3 - 3). Physical exercise 

increases CBF, as a result of elevated shear stress in the arterial walls which 

subsequently facilitates endogenic involvement in the regulation of rCBF.112 The 

cerebrovascular endothelium releases vasoactive mediators, including nitric oxide (NO) 

and endothelium-derived hyperpolarizing factor, diffusing into vascular smooth muscle, 

which contribute to CBF regulation through vasodilation.86, 90 

At rest, the dPTE and DC patterns together resemble the default mode network (DMN) 

for inactive subjects with either incoming (sinks) and outgoing (source) information flow 

at PMC, lM1/S1, Broca’s area, and rSAC. The DMN is highly engaged during rest and is 
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involved in the emergence of spontaneous thought.77, 113-115 The DMN has previously 

been observed in the endogenic frequency for dPTE analysis,85 and endogenic 

frequency specific FC maps.116 In this work active subjects did not exhibit any resting 

state dPTE network (indicating no net directional information flows) in the endogenic 

frequency band.  

The handgrip task evoked significant dPTE and DC in the PFC and motor cortex in the 

endogenic frequency band, in particular for the inactive subjects. There was notable 

silencing of the ROIs associated with the DMN in dPTE and DC patterns once the task 

began, analogous to the DMN deactivation seen during tasks.77 For inactive subjects, 

the initial connection was from lPMC to Broca’s area. However, as fatigue increased the 

source became more unilateral in the left hemisphere at the motor cortex (lPMC and 

lM1/S1) and connected more to sinks in the PFC (FP and DLPFC). These observations 

suggest that motor regions (PMC and lM1/S1), which are involved in motor preparation 

and execution respectively,65 regulated the DLPFC, which is associated with cognitive 

activity, planning, motivation during goal-driven tasks, and inhibiting/excitatory control 

during exercise.65, 117, 118 Inactive subjects had notably more significant dPTE and DC 

than active subjects in the endogenic frequency band particularly during the first period. 

We speculate that active subjects had limited dPTE (lDLPFC and rSAC) and no 

significant DC until the second half of the task because regular exercise training 

enhances performance and the physically active subjects would presumably be more 

efficient earlier in the exercise task.  

Strength of SFC is known to correlate with performance and increases with difficulty or 

effort in prior neuroimaging studies.8, 9 On the other hand, FCV signifies a cortical region 
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that dynamically changes its connectivity strength with other regions so as to tap into 

more neuronal network resources while already established connections may fade in 

strength as fatigue sets in.100 In the endogenic frequency, there is a negative correlation 

between SFC and FCV both for inactive (Fig. 3 - 6B, top row) and active subjects (Fig. 3 

- 6C, top row). Several prior FCV studies have also found similarly negative correlations 

between these two metrics.100, 101, 109 It has been suggested that task performance may 

depend on more stable (less variable) connectivity strength between regions involved in 

the regulation of the task.100 The more significant r-value (which indicate less variable 

connectivity) and lower %MCV reduction seen in active subjects (higher performance) 

compared to inactive ones is consistent with this interpretation. 

Overall, the endogenic frequency band may be related to fatigue levels, meaning that 

higher fatigue would result in more endogenic regulation. We speculate that active 

subjects likely did not experience as much fatigue as inactive ones, as suggested by 

Fig. 3 - 2, and supported by the difference in the amount of dPTE and DC between 

ROIs seen in Fig. 3 - 3F and Fig. 3 - 3L.  

3.4.2  Neurogenic Frequency Band 

Subjects with different physical activity levels displayed different dPTE and DC patterns 

in the neurogenic (0.02 - 0.04 Hz) frequency band. The neurogenic mechanism 

integrates the high metabolic demands of neuronal tissue during a task with the 

neurovascular unit (endothelial cells, perivascular nerves, and astrocytes abducted to 

cortical microvessels) to release vasoactive neurotransmitters as a means of regulating 

rCBF based on neuronal demands.86, 90 
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At rest, the dPTE and DC patterns together resemble the DMN and fronto-parietal 

network (FPN) for inactive and active subjects with either incoming (sinks) and outgoing 

(source) information flow at PMC and SAC, which integrates sensory information and 

forms connections between sensory and motor areas, for the DMN and FP and SAC for 

the FPN. The FPN is highly integrated with other brain networks, like the DMN and 

motor network (MN), and is involved in coordinating behavior in a rapid, accurate, and 

flexible goal-driven manner,113, 115, 117 including planning of motor control.77 Our FPN 

similarity findings are supported by a neuroimaging study indicating that endurance 

athletes had more significant FC in the FPN than non-athletes, although this fMRI study 

focused on a frequency range that mostly included the neurogenic frequency band.77 

The handgrip task evoked significant dPTE and DC globally in the neurogenic frequency 

band for both active and inactive subjects. During the handgrip task, the FPN was still 

engaged as evident by dPTE and DC patterns. In FC studies, the FPN is known to 

activate during motor tasks, such as the fatiguing handgrip in this study,97 to provide a 

functional back-bone for rapid and flexible modulation of other brain networks, such as 

the MN.117 Inactive and active subjects also had similar, persistent dPTE and DC 

patterns during the handgrip task although, active subjects had more significant dPTE 

ROIs and DC connections. The neurogenic frequency band reflects the cortical 

resources available during the task, thus suggesting that active subjects have more 

cortical resources and exercise-altered neuroplasticity than inactive subjects.1 Lastly, in 

the neurogenic frequency band, there were greater numbers of significant DC 

connections during the task than at rest, for all subjects, similar to prior neuroimaging 

studies.3, 6, 9, 38, 46, 61, 62 During the handgrip task itself, the FP was a common functional 
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sink in all subjects, but active subjects also involved Broca’s area. The FP region is 

associated with planning, cognitive branching, and monitoring importance of competing 

goal-driven tasks,65, 117-119 and Broca’s area is involved with producing language and 

inner speech.69 The latter is likely related to the silent expression of conscious thought 

to oneself during handgrip task performance in our study. In our prior work, we 

demonstrated that active subjects reported utilizing self-talk to motivate themselves 

during the task.97 

The neurogenic frequency band was the only frequency band to have a positive 

correlation between SFC and FCV for both inactive (Fig. 3 - 6B, middle row) and active 

(Fig. 3 - 6C, middle row) subjects. Prior neuroimaging studies also noted a positive 

correlation between exercise duration and increased hemodynamic signal variance,6 

and task performance and increasing neurogenic signal.94 The non-significant r-value 

(which indicate more variable connectivity) and the %MCV reduction over time suggest 

that subjects were likely trying to tap into more cortical networks as they gradually 

fatigued. The significant r-values seen initially (0-10 min) in both groups support the 

notion that task performance may depend on more stable connectivity strength. As 

fatigue increased (11-20 min) both subject groups had more variable connectivity (i.e. 

non-significant r-value), possibly indicating an effort to recruit previously untapped 

cortical network resources. 

Overall the neurogenic frequency band reflects the cortical resources available during 

the handgrip task.120 Similar to FC, as physical effort for the task increased, the number 

of dPTE ROIs and DC connections increased as well before reducing again as fatigue 

increased. We hypothesize that active subjects had more dPTE ROIs and DC 
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connections than inactive ones because they could recruit more cortical network 

resources, as enabled by exercise-related neuroplasticity. 

3.4.3  Myogenic Frequency Band 

Subjects with different physical activity levels displayed different dPTE and DC patterns 

in the myogenic (0.04 – 0.15 Hz) frequency band. The myogenic regulatory mechanism 

plays an important role in stabilizing rCBF under differing physiological conditions, such 

as exercise.90 Exercise causes increased blood pressure resulting in depolarization of 

smooth muscle cell membrane and calcium influx and initiating the myogenic response, 

resulting in smooth muscles constricting during increased pressure.86, 90  

The resting state networks appeared to differ between inactive and active subjects in 

the myogenic frequency band based on dPTE and DC patterns. Inactive subjects’ 

functional sinks at FP and most significant DC pair-wise connections (red arrows) 

resemble the FPN. As previously mentioned, the FPN is often interconnected with other 

resting state networks, such as the MN to facilitate motor task control.117 In contrast, the 

active subjects’ resting network was more reflective of the MN, with dPTE at M1/S1 and 

the most significant (red arrows) DC occurring between the M1/S1 areas as well as 

between the PMC areas bilaterally. The MN is a part of an extrinsic system of resting 

state networks that is typically driven by external sensory stimulation.113 Active subjects 

appeared to have more active MN connectivity at rest than inactive subjects.  

Inactive and active subjects also had different dPTE and DC patterns during the 

handgrip task in the myogenic frequency band. For inactive subjects, the lDLPFC was 

regulated by the M1/S1 during the first half (0-10 min). The M1/S1 sources are involved 
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in motor execution, in particular during hand movement, 8, 9, 46, 99, 121, 122 which we 

hypothesize is why the DC connections were directed towards these motor planning 

sink regions. The DC to lDLPFC is interesting due to its association with an approach 

reaction towards a goal,68 such as maintaining task performance. As fatigued worsened 

for inactive subjects, the DC to lDLPFC was regulated by the rDLPFC instead that, 

especially during prolonged exercise, in known to purposely inhibit bodily afferences 

that arise with physical fatigue to preserve mental effort during exercise maintenance.11, 

40  

For active subjects, the lPMC was regulated by the lM1/S1 in the first half of the task. 

Like the inactive subjects, the lM1/S1 source is directed towards the motor planning 

associated PMC sink region. As fatigue worsened, the lM1/S1 became a net receiver of 

information by the lSAC source instead. Similarly, a prior EEG study demonstrated 

substantial location shifts of focal regions during a fatiguing handgrip task from anterior 

to posterior regions as a means to maintain task performance.3  

Lastly, inactive subjects had nearly significant negative correlations between FCV and 

SFC at rest and significant negative correlations during the task (Fig. 3 - 6B, bottom 

row). Many FCV studies have found similarly negative correlations between these two 

metrics.100, 101, 109 As previously mentioned, the significant r-values suggest that 

improved task performance requires less variable connectivity in the regulation of the 

task.100 While active subjects also exhibited negative correlations between FCV and 

SFC, these were not significant except during 0-10 min. Active subjects likely 

experienced lower fatigue levels at 11-20 min, which could contribute to the non-
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significant r-value (Fig. 3 - 6C, bottom row). Mayer waves could also possibly confound 

myogenic frequency band results due to their overlapping frequency at about 0.1 Hz.123 

Overall the myogenic frequency band reflects the blood supply to the ROIs that is 

regulated by the arterioles.90 We hypothesize that active subjects were able to dilate 

arterioles more efficiently,124 and as a result they had improved blood supply to motor 

areas compared to inactive subjects. The increased availability of resources locally to 

the ROIs of active subjects controlling the motor task is a possible explanation for the 

lower number of DC pairs seen for this group relative to inactive subjects, whose ROIs 

had to recruit more resources from other locations while trying to maintain task 

performance. 

3.5  LIMITATIONS 

There are several limitations to this study that should be addressed. This study did not 

incorporate multimodal monitoring of systemic hemodynamics, such as heart rate, blood 

pressure, and respiration, which could be used as regressors to improve fNIRS signals 

as well as provide information of the systemic physiology itself.84 An alternative method 

would be to employ short-distance channels ( < 1 cm), which were not available in the 

commercial optode holder cap used, to remove by regression hemodynamic fluctuations 

that co-occur in the cortex as well as superficial scalp layers.82, 84 Although we used 

bandpass filters and PCA to remove physiological inferences and global hemodynamic 

fluctuations, there exists several other different computational methods including i) 

independent component analysis, ii) singular value decomposition (SVD) and Gaussian 

kernel smoothing, iii) statistical correction methods, iv) wavelet-based methods, or v) a 

combination of these methods can be used for removal.42, 84, 85, 125-127 Thus, a 
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quantitative comparison using different global component removal methods is warranted 

in future studies. 

3.6  CONCLUSION 

This study presents a direct comparison of differences in dynamic fNIRS metrics (dPTE, 

DC, SFC, FCV) between physically active and inactive subjects as they tried to maintain 

performance despite fatigue during a maximal effort task. The results of our study 

demonstrate how physical activity improves the neurovascular regulation mechanisms 

at the endogenic, neurogenic, and myogenic frequency bands. This modulation allowed 

for active subjects to maintain higher %MVC longer and delay fatigue onset. In future 

work we propose to expand these analyses to study subject populations of older age 

and impaired cardiovascular health. 
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Table 3 - S1 Spatial registration of fNIRS channel positions on a standard brain fMRI atlas. MNI 

coordinates displayed as mean (SD); r-right contralateral brain hemisphere; l- left ipsilateral 

brain hemispheres. 

CHANNEL  
X 

MNI 
Y 

 
Z 

REGION OF 
INTEREST 

(ROI) 

BRODMANN 
AREA (BA) 

1 -28.92(5.02) 66.44(1.93) 5.92(10.45) lFP BA10 

2 -10.25(4.51) 71.27(2.29) 9.36(10.64) lFP BA10 

3 15.74(2.76) 71.79(1.87) 9.95(11.07) rFP BA10 

4 35.32(4.11) 64.89(2.91) 5.12(10.03) rFP BA10 

5 -18.92(3.72) 68.30(2.73) 16.80(10.55) lFP BA10 

7 24.85(3.94) 67.33(3.88) 17.24(9.80) rFP BA10 

8 -10.14(3.90) 65.39(5.04) 28.02(10.45) lFP BA10 

9 15.14(2.34) 65.50(5.42) 28.32(9.24) rFP BA10 

10 -18.70(4.14) 58.42(6.75) 34.80(10.06) lDLPFC BA9 

12 23.84(4.12) 57.20(7.52) 35.33(8.66) rDLPFC BA9 

13 -44.86(4.27) 45.98(6.40) 22.55(9.36) Broca's BA44/45 

14 -29.03(5.33) 49.56(8.06) 37.27(9.58) lDLPFC BA9 

15 -9.38(2.74) 52.12(9.01) 46.03(8.77) lDLPFC BA9 

16 14.47(2.39) 51.38(9.31) 46.27(8.47) rDLPFC BA9 

17 33.59(4.55) 48.26(8.68) 37.98(7.90) rDLPFC BA9 

18 48.38(3.69) 45.52(7.43) 22.92(8.17) rDLPFC BA9 

19 -52.56(4.03) 33.44(7.80) 22.02(5.60) Broca's BA44/45 

20 -39.89(4.55) 38.27(9.44) 39.21(9.17) lDLPFC BA9 

21 -19.52(3.54) 40.94(10.90) 51.24(9.18) lDLPFC BA9 

23 23.44(3.81) 40.15(10.54) 52.16(7.06) rDLPFC BA9 

24 41.97(7.65) 36.82(9.38) 40.21(7.67) rDLPFC BA9 

25 54.21(7.13) 32.68(8.64) 23.36(7.57) Broca's BA44/45 

27 -58.54(3.43) 19.56(9.53) 21.71(7.33) Broca's BA44/45 

28 -48.61(4.40) 25.98(9.87) 39.86(7.89) Broca's BA44/45 

29 -31.88(5.64) 28.91(11.57) 53.58(8.18) lDLPFC BA9 

32 33.44(6.50) 28.23(11.01) 54.55(5.99) rDLPFC BA9 

33 50.08(5.45) 24.61(10.67) 41.23(6.81) rDLPFC BA9 

38 -56.91(4.65) 10.29(11.67) 37.30(6.35) lPMC BA6 

39 -42.89(4.48) 16.08(12.82) 5427(5.84) lDLPFC BA9 

43 44.30(5.84) 14.72(13.02) 54.74(5.04) rDLPFC BA9 

45 66.92(2.55) 1.39(9.31) 18.61(7.65) rPMC BA6 

49 -51.35(4.99) 1.94(14.33) 52.29(4.78) lPMC BA6 

50 -33.21(8.22) 5.89(15.35) 65.29(4.91) lPMC BA6 

51 -13.64(4.83) 7.74(15.97) 71.09(6.52) lPMC BA6 

52 13.56(6.13) 6.86(16.50) 72.09(4.26) rPMC BA6 
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54 53.55(5.44) -1.08(13.36) 52.15(4.31) rDLPFC BA9 

55 66.23(3.48) -7.32(10.61) 34.15(5.19) rPMC BA6 

60 -44.47(3.17) -8.64(15.74) 61.53(3.68) lPMC BA6 

61 -22.38(3.13) -8.42(17.48) 73.18(2.64) lPMC BA6 

63 23.73(2.47) -9.14(16.25) 73.74(8.32) rPMC BA6 

64 47.03(3.30) -12.36(14.16) 62.18(2.84) rPMC BA6 

65 63.67(2.77) -19.62(11.49) 46(4.08) rPMC BA6 

70 -54.95(2.56) -26.30(14.18) 55.56(3.49) lS1 BA1/2/3 

71 -35.54(2.76) -23.18(16.20) 70.86(2.40) lM1 BA4 

72 -13.97(1.75) -20.91(16.47) 77.76(1.37) lM1 BA4 

73 14.26(1.47) -21.55(15.61) 77.77(0.88) rPMC BA6 

74 36.65(3.68) -23.80(17.56) 71.47(1.44) rM1 BA4 

75 56.12(457) -29.95(12.78) 56.02(2.95) rS1 BA1/2/3 

76 67.41(3.16) -49.94(63.79) 38.03(5.91) lS1 BA1/2/3 

81 -46.74(3.49) -37.18(14.07) 63.06(4.34) lS1 BA1/2/3 

82 -23.38(5.10) -36.33(15.76) 74.06(3.00) lM1 BA4 

84 24.74(3.07) -37.65(14.31) 73.61(6.53) rM1 BA4 

85 47.24(5.01) -39.26(13.27) 62.92(3.91) rS1 BA1/2/3 
95 34.62(4.74) -53.02(11.79) 67.73(5.53) rS1 BA1/2/3 

101 -24.77(3.71) -63.60(10.99) 66.97(8.40) lSAC BA7 

103 25.09(3.98) -63.61(10.25) 65.98(11.02) rSAC BA7 

107 -36.12(5.15) -74.42(9.73) 51.08(10.61) lSAC BA7 

108 -16.06(2.76) -72.80(18.20) 60 (11.26) lSAC BA7 

109 14.91(4.26) -75.30(8.57) 60.33(11.14) rSAC BA7 

110 33.50(5.72) -72.80(17.21) 51.23(9.97) rSAC BA7 

 

Table 3 - S2 Preprocessing input parameters used in Homer2. 

Function Input parameters 

hmrIntensity2OD  
enPCAFilter nSV = 2 

hmrBandPassFilt Endogenic hpf = 
0.003 

lpf = 0.02 
Neurogenic hpf = 0.02 

lpf = 0.04 
Myogenic hpf = 0.04 

lpf = 0.15 
hmrOD2Conc 6 6 6 
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Figure 3 - S1 Significant dPTE and DC in the endogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHb. Directed PTE t-values for each ROI as a color-coded 

map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold (light blue-

dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 

blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 
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Figure 3 - S2 Significant dPTE and DC in the neurogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHb. Directed PTE t-values for each ROI as a color-coded 

map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold (light blue-

dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 

blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 
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Figure 3 - S3 Significant dPTE and DC in the myogenic frequency band for inactive and active 

subjects during the handgrip task for ΔHb. Directed PTE t-values for each ROI as a color-coded 

map for inactive subjects (A-C) and active subjects (D-F). Hot (yellow-reds) and cold (light blue-

dark blue) colors indicate information outflow and inflow, respectively. Arrows indicate 

statistically significant information flow between functional regions for inactive (G-I) and active 

subjects (J-L). Black arrows (p < 0.05); Red arrows (p < 0.01). Eleven regions of interest (ROIs) 

were mapped: left and right frontopolar (lFP; rFP) (red), left and right pre-frontal cortex (lDLPFC; 

rDLPFC) (yellow), Broca’s area (green), left and right pre-motor cortex (lPMC; rPMC) (light 

blue), left and right primary motor and sensory cortical (lM1/S1; rM1/S1) areas (purple), and left 

and right sensory association cortex (lSAC; rSAC) (pink). 
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CHAPTER 4 

Transcranial photobiomodulation induced changes in functional connectivity and 

brain network topography mapped by functional near-infrared spectroscopy 

(fNIRS) 

 

This Chapter is a manuscript has been submitted  

Authors: Elizabeth L. Urquhart, Hashini Wanniarachchi, Xinlong Wang, George 

Alexandrakis, Hanli Liu 

4.1.  INTRODUCTION 

Photobiomodulation (PBM) entails the application of low-power, high-fluence light in the 

red to near-infrared (NIR) range (usually between 630-1100 nm) to modulate 

mitochondrial respiration in a non-destructive and non-thermal manner. Transcranial 

PBM (tPBM) refers to PBM directed at the cerebral cortex with the purpose of 

enhancing cerebral oxygenation and cognitive function.128-133 Approximately 1-2% of 

NIR light between 660-940 nm penetrates through various layers of the human scalp 

and skull and reaches the cerebral cortex, several centimeters below the scalp’s 

surface.16, 17 The purported mechanism of PBM relies on photon absorption by 

cytochrome-c-oxidase (CCO), which is the terminal enzyme in the mitochondrial 

respiratory chain that is necessary in cerebral oxygen utilization for energy metabolism. 

As CCO activity increases, the more oxygen consumption and simultaneous metabolic 

energy are produced via mitochondrial oxidative phosphorylation.130, 131, 133 The resulting 

increase in CCO activity leads to metabolic and hemodynamic alterations in the brain 
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that can facilitate neuroprotection and cognitive enhancements.134 In several reviews by 

Hamblin,14, 133 use of tPBM by various groups was reported as a possible intervention 

for acute and chronic stroke, traumatic brain injury, Alzheimer’s disease, Parkinson’s 

disease, depression, anxiety, and cognitive enhancement.  

Several neuroimaging modalities have been used for functional brain mapping 

concurrently with tPBM administration such as electroencephalography (EEG), single 

photon emission computed tomography (SPECT), and functional near-infrared 

spectroscopy (fNIRS).13, 18, 33, 135 Among them, fNIRS measures noninvasively 

concentration changes of oxyhemoglobin (ΔHbO) and deoxyhemoglobin (ΔHb) resulting 

from neurovascular coupling secondary to neuronal activation. Both fNIRS and the 

tPBM laser use light in the NIR range and thus share similar optical path trajectories 

through the tissue. Thus, fNIRS is a suitable tool for in vivo study of tPBM. Of the few 

fNIRS studies with concurrent tPBM administration reported to date, the number of 

fNIRS channels used was limited (< 20) and only provided mapping of cerebral 

hemodynamics over the prefrontal cortex.18, 33 

Prior fNIRS studies have demonstrated its reliability and popularity by researchers to 

investigate resting state functional connectivity (FC) based on Pearson’s correlation 

coefficients (PCC) or graph theory analysis (GTA).47, 111, 136-138 PCC quantifies temporal 

cross correlations between any available pair of spatially remote cortical/brain 

regions,47, 114 while GTA presents the brain as a graphical networking system 

characterized with topological properties for global and local brain networks among 

brain regions. Neuroimaging studies under resting and/or task-based states have taken 

FC as an index to describe the relationship between hemodynamic activation patterns 
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of different brain regions and thus to reflect the level of functional communication 

between them.8, 9, 77, 97, 114 On the other hand, GTA-derived graphical metrics can be 

used to compute alternate measures of statistically significant connectivity strength as 

another FC analysis approach.7, 139 In particular, GTA features small-world networks 

that quantify the communication efficiency between nodes of the networks, where nodes 

can be defined as fNIRS channels or groups of channels clustered within functionally 

distinct brain regions.140-142 GTA has been applied for the assessment of small-world 

properties in prior neuroimaging studies during resting state and task-based studies. 

However, no study to date has explored the effect of tPBM on small-world network 

properties although such analyses have been applied to other paradigms.111, 136-138, 143, 

144 

In this work, we utilized a 111-channel fNIRS system with a large field of view for the 

first-time to quantify changes in 1) FC pair-wise patterns and 2) brain network 

topographical metrics induced by tPBM on healthy adult subjects. The tPBM was 

directed to the right prefrontal cortex (rPFC), encompassing the right frontal polar (rFP) 

and right dorsolateral prefrontal cortex (rDLPFC). It is known from our prior studies that 

tPBM induces significant increases of ΔHbO in the PFC during and after tPBM delivery 

on the right forehead of human participants.18, 33, 132 Moreover, a recent fNIRS study 

demonstrated that high-definition transcranial direct current stimulation (HD-tDCS) 

increases FC strength and small-world metrics during and after the stimulation using 

both PCC and GTA methods.138 The focus of this study was to examine tPBM-evoked 

changes of FC pairwise and network patterns during and after tPBM based on 111-

channel ΔHbO time series. Taking all aspects considered, we hypothesized that the 
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application of tPBM would increase cortex-wide FC strength relative to the stimulation 

site and enhance GTA-derived small-world metrics, despite different neuromodulation 

mechanisms between tPBM and HD-tDCS. If the hypothesis is proven true, this study 

will strongly support the possibility of using tPBM as an alternate neuromodulation 

intervention for future biomedical applications. 

4.2.  MATERIALS AND METHODS 

4.2.1 Participants  

Nineteen adults (5 females, age = 31.7 + 9.5 years) were recruited for this study. All 

subjects were without any neurological or psychiatric disorders (self-reported). All 

experimental procedures, including a written consent required prior to participation in 

this study, were approved by the Institutional Review Board of the University of Texas at 

Arlington (IRB# 2017-0859).  

4.2.2 Experimental instruments and procedures 

A continuous wave (CW) fNIRS system (OMM-3000, Shimadzu Corp., Kyoto, Japan) 

was used in this study to measure cerebral hemodynamic responses with near infrared 

light diode sources (780, 805, and 830 nm) and photomultiplier detectors at a sampling 

frequency of 10.1 Hz. The optode geometry consisted of 32 sources and 34 detectors 

with a separation of 3 cm resulting in 111 source-detector channels (Fig. 4 - 1A). 

Anatomical cranial reference points (nasion, inion, left and right preauricular points and 

vertex) and optode locations were recorded for each subject using a 3D digitizer 

(FASTRAK, Polhemus VT, USA). Montreal Neurological Institute (MNI) coordinates for 

each source and detector location were calculated using the statistical parametric 
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mapping NIRS_SPM software, which provided the Brodmann area corresponding to 

each fNIRS channel.45 All subjects’ MNI coordinates were subsequently averaged 

together. Thus, the 111 channels covered cortical areas of the following 12 regions of 

interest (ROIs): left and right frontopolar prefrontal cortex (lFP; rFP), left and right 

dorsolateral prefrontal cortex (lDLPFC; rDLPFC), Broca’s area, left and right premotor 

cortex (lPMC; rPMC), left and right primary motor and somatosensory cortical (lM1/S1; 

rM1/S1) areas, Wernicke’s area, and left and right somatosensory association cortex 

(lSAC; rSAC). These 12 regions served as clusters for FC analyses in the following 

sections.  

Transcranial PBM was administered using an FDA-cleared 1064-nm, CW laser 

(Model CG-5000 Laser, Cell Gen Therapeutics, Dallas, Texas) (Fig. 4 - 1B). The laser’s 

aperture delivered a well-collimated beam with an area of 13.6 cm2 at a maximum 

power of 3.5 W and a laser power density of 0.25 W/cm2.130, 132 The tPBM was applied 

by noncontact delivery to the right forehead of each subject at a frontal site (near Fp2 

location of the international 10 – 10 EEG system). Subjects and experimental operators 

wore laser protection goggles through the duration of the experiment.  

Subjects participated in two sessions that were randomized for tPBM or placebo 

treatments. If the tPBM session was first, there was a waiting period of at least one 

week for the placebo treatment to avoid any carry-over effect. During the stimulation 

period, the CW laser was administered on the right forehead with an output of 3.5 W, 

whereas placebo had negligible laser output by turning the laser on and then off 

immediately within 3 seconds. Subjects sat with their eyes closed for 8 minutes of pre-
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placebo/tPBM period, 8 minutes during placebo/tPBM period, and 4 minutes of post-

placebo/tPBM period (Fig. 4 - 1C). 

 

Figure 4 - 1. Experimental set-up and protocol. A) 111-channel layout with twelve regions of 

interest covered by the optode geometry: frontopolar (FP) (red), dorsolateral prefrontal cortex 

(DLPFC) (yellow), Broca’s area (green), premotor cortex (PMC) (light blue), primary motor and 

somatosensory cortical (M1/S1) areas (dark blue), somatosensory association cortex (SAC) 

(pink), and Wernicke’s Area (gold). B) 1064-nm laser. C) The experimental protocol randomized 

placebo (PBO) and tPBM treatment for subjects. For the protocol, there was a period of at least 

one week between the two experiments to avoid any carry-over effect.  

4.2.3 Data preprocessing 

FNIRS data were preprocessed using Matlab 2012b (MathWorks, Natick, MA, USA) and 

the open-source package Homer 2.0.42 FNIRS data were detrended based on the 

baseline by a linear least-squares fit that was subtracted from the data.47 The raw 

intensity data were then low-pass filtered using a 3rd order Butterworth filter at a cut-off 

frequency of 0.2 Hz to remove large portions of physiological noise, including heartbeat 

(1-1.5 Hz) and respiration (0.2-0.5 Hz).35 Principal component analysis was utilized to 
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remove motion artifacts and global hemodynamic fluctuations that may overlap with 

hemodynamic response frequencies. The first two principal components were removed 

from all fNIRS channel data in order to remove these global artifacts.35, 42 Channels 

located near the branches from the middle cerebral artery or the superficial temporal 

artery and temporal muscle were removed to avoid signal contamination. 103, 104 These 

removed channels are shown in gray in Fig. 4 - 1A.  Optical density data were 

converted into changes in hemoglobin concentration relative to baseline (ΔHbO) using 

the Modified Beer-Lambert Law with an estimated differential pathlength factor of 6.0 for 

each wavelength, an estimate used in Homer 2.0.49 Only ΔHbO values were presented 

in the Results section below because ΔHb values were found to have similar and 

opposite qualitative trends, but with smaller amplitudes and lower signal-to-noise ratio 

as previously reported in other neuroimaging studies.9, 52, 53 

4.2.4 Cross correlation analysis to quantify functional connectivity  

Functional connectivity (FC) was calculated for each period: pre-placebo/tPBM, 

placebo/tPBM, and post-placebo/tPBM. Whole-head PCC was performed by calculating 

the Pearson correlation values between each pair of all 111 channels, thus yielding an 

111 x 111 matrix per period.47 Pearson R values were then converted into Fisher’s z-

scores. Paired t-tests were performed on the z-transformed R values across subjects. 

False discovery rate (FDR) was employed for multiple comparisons correction with q = 

0.05 and α = 0.05 with only significant results shown.54 Only significant connections to 

the rPFC were displayed in topographic images that were generated using BrainNet 

Viewer, an open-source Matlab package.55  
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4.2.5 Graph theory analysis to determine topographical network metrics 

Graph theory analysis (GTA) was applied to investigate tPBM-induced changes in 

global topological network organization derived from the fNIRS measurements of the 

whole head. In the analysis, channels were considered nodes and connections between 

channels were considered edges of the network. The FC matrix was then thresholded 

into a binary matrix in terms of sparsity (S), the number of current existing edges divided 

by the total possible number of edges in the current matrix.136, 143, 145 In this study, we 

selected and quantified seven topological properties/metrics to study network patterns 

with a range of S level (S; 0.05 < S < 0.50; increment = 0.05). Five small-world property 

metrics were calculated including: clustering coefficient (Cp), characteristic path length 

(Lp), normalized clustering coefficient (𝛾), normalized characterized path length (𝜆), and 

small-worldness (𝜎).  

Cp is the average of the clustering coefficients of all nodes. Cp is a measure of 

network segregation by signifying the likelihood that two nodes significantly connected 

to a third node are also significantly connected to each other, thus forming a connected 

triangular cluster. Cp(i) of a certain node i is defined as the following:142 

𝐶𝑝(𝑖) =
2𝑁𝑖

𝑘𝑛𝑜𝑑𝑒(𝑖)[𝑘𝑛𝑜𝑑𝑒(𝑖) − 1]
 

where Ni denotes the number of existing connections among the neighbors of node i, 

and knode is the number of edges that are connected to node i.  

Characteristic path length, Lp, is the average of the shortest pathlength between all 

pairs of nodes:142 

𝐿𝑝 =
1

𝑁(𝑁 − 1)
∑𝑑𝑖𝑗
𝑖≠𝑗∈𝐺
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where N is the total node number, and dij is the shortest path length between node i and 

node j. Longer Lp values indicate weaker connections.146 

Normalized clustering coefficient, 𝛾, is the mean of all clustering coefficients over all 

nodes in a network:140, 142 

𝛾 = 𝐶𝑝
𝑟𝑒𝑎𝑙 𝐶𝑝

𝑟𝑎𝑛𝑑𝑜𝑚⁄  

where 𝐶𝑝
𝑟𝑒𝑎𝑙 is the average of clustering coefficients over all nodes in a network, 

quantifying the extent of local group formation within a network. 𝐶𝑝
𝑟𝑎𝑛𝑑𝑜𝑚 is the mean 

cluster coefficient of matched random networks that preserve the same number of 

nodes, edges, and degree distribution as the real network.147 

Normalized characteristic path length, 𝜆, is the average of the shortest path lengths 

between any nodes of the networks and is defined as:140, 142 

𝜆 = 𝐿𝑝
𝑟𝑒𝑎𝑙 𝐿𝑝

𝑟𝑎𝑛𝑑𝑜𝑚⁄  

where 𝐿𝑝
𝑟𝑒𝑎𝑙is the average of the shortest path lengths between any pair of nodes in the 

network, quantifying the capability of parallel information propagation within a network. 

𝐿𝑝
𝑟𝑎𝑛𝑑𝑜𝑚 is the mean characteristic path length of matched random networks that 

preserve the same number of nodes, edges, and degree distribution as the real network 

147. 

A small-world (𝜎) is defined as:140, 142 

𝜎 = 𝛾/𝜆 

Where a real network is considered small-world (𝜎) if 𝜆 ≈ 1, 𝛾 > 1 , and 𝜎 > 1. It is also 

characterized by a high Cp and low Lp.136, 139, 146 
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Two additional parameters were quantified to measure the efficiency of small-world 

networks, namely global efficiency (Eg) and local efficiency (Eloc). They are defined 

as:140 

𝐸𝑔 =
1

𝑁(𝑁−1)
∑

1

𝑑𝑖𝑗
𝑖≠𝑗∈𝐺

      (1) 

𝐸𝑙𝑜𝑐 =
1

𝑁(𝑁−1)
∑ 𝐸(𝐺𝑖)

𝑖∈𝐺
     (2) 

where N is the total node number, dij is the shortest path length between node i and 

node j, and E(Gi) is the global efficiency of the subgraph composed of the nearest 

neighbors of node i. Eg describes the efficiency of a parallel information transfer in the 

network, whereas Eloc describes how efficient the communication is between the first 

neighbors of i when i is removed.140 

All global metrics were calculated for each subject at each period (i.e., pre-, during, 

and post-tPBM) for each stimulation type (placebo/tPBM) using GRETNA.148 For the 

stimulation period, GTA metrics were only quantified for the last half period of tPBM 

(i.e., 5-8 min) to optimally observe its effects since tPBM has shown gradual alterations 

in cerebral hemodynamics and electrophysiology.13, 132, 149 Paired t-tests were used to 

test statistical (p < 0.05) differences for each global metric between placebo and tPBM 

interventions for each period. Each global metric was compared at each S level, 0.05 < 

S < 0.50 at 0.05 increments. All statistical assumptions were verified, including 

normality.  
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4.3. RESULTS 

4.3.1 Functional connectivity to the right prefrontal cortex derived with PCC  

Functional connectivity (FC) was quantified between all channels within the rPFC to 

every other channel on the cortex (Fig. 4 - 2), based on PCC. Channels within the rPFC 

were chosen due to its proximity to the stimulation site during tPBM exposure. Two 

types of comparisons were made to show difference effects in FC (1) between tPBM 

and placebo treatments (during all three periods) and (2) between tPBM and post-tPBM 

under the true stimulation.  

For the 1st comparison, during the pre-stimulation period, there were no significant (p 

> 0.05) differences between tPBM and placebo. During the 8-min stimulation period, 

tPBM reduced FC with respect to the placebo treatment, as indicated by the blue lines 

in Fig. 4 - 2A. There were 5 significant (p < 0.05) connections in total to the rPFC: rFP to 

lFP (1 connection), rFP to rDLPFC (2), rDLPFC to lFP (1), and rDLPFC to l PMC/SMA 

(1). In contrast, during the 4-min post-stimulation period, there was greater FC strength 

across multiple cortical regions (or clusters) induced by tPBM treatment with respect to 

the placebo as marked by the red lines in Fig. 4 - 2B. There were 12 significant (p < 

0.05) connections in total to the rPFC: rDLPFC to lDLPFC (2), rDLPFC to lPMC/SMA 

(1), rDLPFC to rPMC/SMA (1), rDLPFC to lM1/S1 (1), and 7 within the rDLPFC.  
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Figure 4 - 2. Group-level differences in FC between the right PFC and all other cortical regions 

compared between tPBM and placebo conditions at A) stimulation, and B) post-stimulation 

periods. Red lines indicate greater FC strength during tPBM than the placebo treatment. Blue 

lines indicate weaker FC strength during tPBM than the placebo treatment. Only significant (p < 

0.05, FDR corrected) FC changes are shown. Black boxes enclose channels within the right 

PFC; Red circle marks the approximate location of tPBM. Different ROIs are denoted by color: 

frontopolar (FP) (red), dorsolateral prefrontal cortex (DLPFC) (yellow), Broca’s area (green), 

premotor cortex (PMC) (light blue), primary motor and somatosensory cortical (M1/S1) areas 

(dark blue), somatosensory association cortex (SAC) (pink), and Wernicke’s Area (gold). 
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Figure 4 - 3. Significant increases in FC strength from right PFC to other regions of the brain, 

compared between post-stimulation and the tPBM stimulation period. The black box encloses all 

the channels within the right PFC. The red circle near rPFC marks the location of tPBM 

stimulation. ROIs are denoted by color; frontopolar (FP) (red), dorsolateral prefrontal cortex 

(DLPFC) (yellow), Broca’s area (green), premotor cortex (PMC) (light blue), primary motor and 

somatosensory cortical (M1/S1) areas (dark blue), somatosensory association cortex (SAC) 

(pink), and Wernicke’s Area (gold). A) Red lines indicate greater FC strength during post-tPBM 

than the stimulation period. Only significant (p < 0.05, FDR corrected) FC strength changes are 

shown. B) The total number of significant connections between ROIs from right PFC to other 

regions of the cortex. Line thickness indicates the number of significant connections from 1 

(thinnest) to 11 (thickest) connections. 

 

For the 2nd comparison, FC strength differences between the tPBM and post-tPBM 

periods were quantified. There was significantly (p < 0.05) greater FC strength during 

the post-stimulation period than the stimulation period as illustrated by the red lines in 

Fig. 4 - 3A. Specifically, there were 46 significant connections in total between channels 
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within the rPFC and all other channels in the brain. These connections were between 

the rFP and lPFC (3 connections), rFP and rPFC (1), rPF and Broca’s (2), rPFC and 

lM1 (1), rPFC and lPFC (3), rPFC and rPFC (3), rPFC and Broca’s (3), rPFC and 

lPMC/SMA (1), rPFC and rPMC/SMA (11), rPFC and lM1/S1 (9), rPFC and rM1/S1 (4), 

rPFC and lSAC (1), and rPFC and Wernicke’s (4). To better overview the FC strength 

connecting right PFC to other cortical ROIs or clusters, we presented a topograph of 

number of connections for each pair among all 12 cortical ROIs (Fig. 4 - 3B). 

4.3.2 Graphical network metrics analyzed by GTA 

To show significant differences in global graphical network metrics between tPBM and 

placebo treatments, statistical paired t-tests were used, for each of the three periods, to 

investigate the effect of tPBM on seven global graphical metrics derived from GTA: Cp, 

Lp, λ, γ, σ, Eg, and Eloc. During the pre-stimulation period, the results showed no 

significant (p > 0.05) difference between tPBM and placebo treatments for any of the 

metrics at any S level. During the 2nd half of stimulation period (5-8 min), however, 

there were significant differences between tPBM and placebo treatments for efficiency 

and small-world metrics, namely, Eg, Eloc, and Lp (Fig. 4 - 4). Specifically, significant 

differences between the two treatments were: for Eg, at S = 0.05 (p = 0.01), S = 0.15 (p 

= 0.05), S = 0.3 (p = 0.04), S = 0.35 (p = 0.02), S = 0.4 (p = 0.03), and S = 0.45 (p = 

0.03) (Fig. 4 - 4A); for Eloc, at S = 0.05 (p = 0.02), S = 0.10 (p = 0.02), S = 0.2 (p = 0.05), 

and S=0.3 (p = 0.03) (Fig. 4 - 4B); for Lp, at S = 0.05 (p = 0.02), S = 0.15 (p = 0.04), S = 

0.3 (p = 0.03), S = 0.35 (p = 0.01), S = 0.4 (p = 0.02), and S = 0.45 (p=0.03) (Fig. 4 - 

4C). During the post-stimulation period, the results showed that only σ had significant 
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differences between the two treatments, occurring at S = 0.1 (p = 0.05), S = 0.15 (p = 

0.04), and S = 0.25 (p = 0.05) (Fig. 4 - 5).  

 

Figure 4 - 4. Global network characteristics between tPBM and placebo treatment during the 

2nd half of stimulation period (5-8 min) for A) global efficiency (Eg), B) local efficiency (Eloc), and 

C) averaged path length (Lp). Significant differences (p < 0.05) between the treatments are 

represented with black stars, *. Red lines indicate tPBM treatment while blue lines indicate 

placebo treatment. Mean + SEM. 
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Figure 4 - 5. Small-worldness differences between tPBM and placebo treatment during post-

stimulation period. Significant differences (p < 0.05) between the two treatments are 

represented with black stars, *. Red lines indicate tPBM treatment. Blue lines indicate placebo 

treatment. Mean + SEM. 

4.4. DISCUSSION 

4.4.1 Effects of tPBM on functional connectivity 

To the best of our knowledge, this study is the first to evaluate the effects of tPBM on 

whole-head FC in humans using large field of view fNIRS and tPBM simultaneously. By 

examining the time dependence on FC for each period, this study shows that tPBM has 

two different effects on FC during and after stimulation. Seed-based PCC was 

performed to quantify and map FC between all channels within the rPFC, which 

encompasses the rFP and rDLPFC, and to all other ROIs due to rPFC’s proximity to the 

location of tPBM administration.  

During the stimulation period, the FC map exhibited decreased, localized connectivity 

between the rPFC and the lPFC and lPMC/SMA (Fig. 4 - 2A). Decreased FC from tPBM 

stimulation may be due to a regional increase in ΔHbO. Prior tPBM studies reported that 

tPBM increases ΔHbO during human brain stimulation,18, 33, 132 and regional cerebral 

blood flow (rCBF) in animal and human studies.15, 135, 150  Increased rCBF can be 
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attributed to tPBM’s stimulation of the synthesis of nitric oxide (NO), an endogenous 

vasodilator.151 In an animal study, tPBM at 808 nm increased NO concentration and 

rCBF in mice; however, the NO concentration and rCBF did not increase when NO 

synthase was blocked,150 indicating that NO synthesis is integral in rCBF changes 

during tPBM stimulation. The decrease in localized FC during stimulation may therefore 

be partially attributed to the increase of rCBF in the rPFC region only, which caused 

differences or desynchronization in hemodynamic variability patterns relative to others 

in non-stimulated ROIs. 

The post-stimulation FC maps exhibited enhanced global connectivity between the 

rPFC and all other ROIs (Fig. 4 - 2B; Fig. 4 - 3). These results suggest that post-tPBM 

hemodynamic recovery influences coactivation between the rPFC and ROIs that are 

involved in resting state networks (RSN), as also seen in tDCS studies.138, 152 The rFP 

and rDLPFC are associated with high cognitive and executive functions; their direct 

connectivity in RSN and other ROIs is related to a top-down modulation of attention and 

working memory as seen in increased coactivation of frontal and parietal regions.77, 114, 

152-155 The default mode network (DMN), which comprises the rFP and rDLPFC, is a 

network that is highly active at rest and linked to human cognition, including the 

integration of cognitive and emotional processing.77, 114, 154 The frontal-parietal network 

(FPN), also known as the central executive network, encompasses the FP, DLPFC, and 

SAC and is associated with executive functions, attention, and motor control. The FPN 

is highly integrated with other brain networks like the DMN, motor network, and 

language network.77, 113, 114, 117, 154, 156 The FPN’s integration with other networks is 

evident in this study with the extensive connection to the motor network, comprising of 
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PMC/SMA, M1/S1,77, 114 and the language network anchored in Wernicke’s and Broca’s 

areas.156, 157  

Overall, the most significant changes or increases of FC were found in the FPN and 

regions that belong to other brain networks and are highly integrated with the FPN. 

These findings are significant since it unambiguously demonstrates that tPBM 

modulates FC in distinct and remote functional brain networks of the human brain. The 

preferential involvement of the FPN is consistent with cognitive findings showing that 

tPBM improves executive function.158 

4.4.2 Effects of tPBM on global topographical metrics  

GTA was used to quantify network connectivity changes induced by tPBM across the 

entire cortical area mapped by fNIRS. TPBM induced significant changes during the 2nd 

half of stimulation period (5-8 min) (Fig. 4 - 4) and post-stimulation (Fig. 4 - 5) across 

the entire cortical network that can be characterized by the network’s small-world 

features, including five small-world parameters: clustering coefficient (Cp), characteristic 

path length (Lp), normalized characteristic path length (λ), normalized clustering 

coefficient (γ), and small-worldness (σ).139-141, 146 During 5-8 min tPBM stimulation, Lp 

was significantly lower than the placebo treatment at several S levels (Fig. 4 - 4C). Lp 

signifies the ability to rapidly combine pieces of specialized information from different 

brain regions or functional integration.7, 146 Shortened Lp indicates that during 5-8 min 

tPBM, there is enhanced or faster information/integration processing.159, 160 Economic 

small-worldness, σ, was exemplified (Fig. 4 - 5) after tPBM with σ >1.7 However, σ is 

significantly lower after tPBM stimulation compared to placebo. These results are similar 
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to an EEG study that showed brain networks being less evident of small-worldness after 

tDCS stimulation.161 

Two additional parameters, global (Eg) and local efficiency (Eloc), were also calculated 

to determine how efficiently small-world networks exchange information. TPBM 

treatment resulted in significantly higher efficiency metrics for both Eg and Eloc during the 

stimulation. Eg was significantly higher than the placebo due to its susceptibility to 

shorter Lp, as also seen in this study. A high Eg assures effective functional integration 

of information between and across remote regions.140, 146, 160 During the late 4-min tPBM 

stimulation, Eloc was also significantly higher than the placebo. Eloc measures the ability 

of fault tolerance of a network, or how efficient communication is between nodes when 

one node is removed.140, 141, 146 Typically, a small-world network is characterized by high 

Eg and Eloc,
140 but this is not seen after tPBM stimulation. This is in contrast with a prior 

fNIRS study that noted enhanced Eloc after anodal tDCS, but not during stimulation as 

seen in this study.111 This difference could be due to different underlying mechanisms 

affecting neuroplasticity between tPBM and tDCS.  

Overall, two different analysis methods (i.e., PCC and GTA) provided different 

aspects or views of tPBM-induced effects on human brain FC. During tPBM stimulation, 

tPBM resulted in desynchronization in hemodynamic oscillations between the 

intervention site and non-stimulated ROIs, while tPBM enabled faster functional 

integration/communication and improved efficiency of small-world brain networks. 

During the 4-min post-tPBM, while the brain gradually recovered to its RSN, FC in the 

FPN became significantly enhanced and connected to other distinct and remote cortical 

networks of the human brain. 
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4.5. LIMITATIONS AND FUTURE WORK 

A few limitations should be noted for this study. First, fNIRS is limited to measuring only 

cortical brain areas and has a lower spatial resolution in comparison to fMRI.35, 42 

Second, this study would have improved FC and GTA metrics during the post-

stimulation period if subjects were measured for at least 5 min after tPBM stimulation. 

The time was shortened in consideration of the subject’s comfort while wearing the 

fNIRS optodes. However, an additional 1- 4 min would likely not have put undue burden 

onto the subject. Typically resting-state FC scans are most reliable when measured 

between 5 – 13 min.162, 163 Third, the neuromodulation by tPBM involves a relatively 

slow hemodynamic process that is progressive,13, 132 and thus could not be rigorously 

represented or quantified by either PCC or GRA, both of which are more appropriate for 

analyzing resting state FC without much external intervention during a period of 5 min or 

longer.  

For future work, more advanced methods to analyze time-varying dynamic FC need 

to be explored to account for time-evolving features of neuromodulation by tPBM. Next, 

given the complex effects of tPBM on the brain, future studies may be better informed 

by multi-modal imaging. For example, since rCBF is expected to change with tPBM, 

concurrent fNIRS measurements with diffuse correlation spectroscopy or arterial spin 

labeling fMRI would be helpful to map the spatiotemporal extent of these changes.164 

Last, concurrent mapping of fNIRS with electrical activity from the neuronal networks 

with multi-channel EEG would be useful in deconvolving the tPBM-induced relative 

changes in hemodynamics versus cerebral electrophysiological activity.13 
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4.6. CONCLUSION 

Our work demonstrates the feasibility of using fNIRS to study cortical network 

reorganization induced by tPBM. The analysis methods based on Pearson’s correlation 

coefficients and graph theory were used to track changes in network connections and 

graphical metrics between the rPFC, where tPBM stimulation was administered, and 

other cortical regions. The PCC- and GTA-derived results revealed that during the later 

period of tPBM stimulation, local connections were enhanced, and faster information 

processing was observed. After stimulation, distant connections had increased FC 

strength, particularly for FPN, which supports cognitive findings showing that tPBM 

improves executive function.158 These observations indicate that there was a time 

dependence in the change of FC and graphical network patterns during the 

administration of tPBM. Our findings demonstrated the excellent and novel applicability 

of wholehead fNIRS in tandem with the non-invasive tPBM intervention to investigate or 

characterize cortical network effects. These observed effects may shed light on the 

underlying large-scale network mechanism and potential application of tPBM for 

cognitive enhancement in healthy subjects and patients with brain injury and disorders, 

such as stroke, traumatic brain injury, Alzheimer’s disease, Parkinson’s disease, 

anxiety, and depression.14, 15, 33  
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CHAPTER 5 

Conclusion and future work 

 

5.1 Conclusion 

The primary objective of this work was to evaluate the temporal evolution of 

cerebral hemodynamics and its patterns during task-related (i.e. fatiguing hand grip) 

and intervention- related (i.e. transcranial photobiomodulation (tPBM)) cortical 

responses. In all, the outcome of this work was the identification of functional near-

infrared spectroscopy (fNIRS)-derived brain metrics including: activation, functional 

connectivity (FC), directional phase transfer entropy (dPTE), directional connectivity 

(DC), functional connectivity variability (FCV), and graph theory analysis (GTA) 

throughout the experimental paradigms.  

Specifically, in the first study, as presented in Chapter 2, fNIRS was used to 

measure differences in young adults throughout the experimental paradigm to provide a 

more complete understanding of the differences in cortical activity due to physical 

activity, which is currently absent in current functional neuroimaging studies. Physically 

active subjects demonstrated delayed fatigue onset and significantly longer-lasting and 

more spatially extended functional connectivity (FC) patterns compared to inactive 

subjects. The observed differences in activation and FC suggested differences in 

cortical network adaptation patterns as fatigue set in, which were dependent on subject 

physical activity. The findings of this study suggest that physical activity increases FC 

with regions involved in motor task control and correlates to extended fatigue onset and 

enhanced performance. 
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The second study presented in this dissertation, in Chapter 3, further explored 

how motor fatigue affected the vasomotion-induced oscillations as measured by fNIRS 

at the endothelial, neurogenic, and myogenic hemodynamic frequency band. To help 

understand how these three neurovascular regulatory mechanisms relate to handgrip 

task performance, several dynamic fNIRS metrics were quantified including: dPTE, DC, 

and the relationship between FC and FCV was also explored to understand their mutual 

dependence for each frequency band in the context of handgrip performance as 

fatigued increased. These results imply that physical activity modulates neurovascular 

control mechanisms at the endogenic, neurogenic, and myogenic frequency bands 

resulting in delayed fatigue onset and enhanced performance. 

After thorough investigation into the cortical response of motor fatigue, the final 

study, presented in Chapter 4, investigated the influence of tPBM on cerebral 

hemodynamics before, during, and after tPBM stimulation using fNIRS. Pearson’s 

correlation coefficient- and graph theory- derived results revealed that during the later 

period of tPBM stimulation, local connections were enhanced, and faster information 

processing was observed. After stimulation, distant connections had increased FC 

strength, particularly for frontal-parietal network, which supports cognitive findings 

showing that tPBM improves executive function. These observations indicate that there 

was a time dependence in the change of FC and graphical network patterns during the 

administration of tPBM.  
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5.2 Limitations 

In the future, this body of work could be improved upon overall adding multimodal 

monitoring of biometrics and adjusting experimental protocols. Firstly, the incorporation 

of electromyography (EMG) should be added to measure peripheral muscle response 

which can be used to identify motor fatigue and improve accuracy in the interpretation. 

Based on EMG measurements, the paradigm seen in Chapters 2 and 3 could have 

been adjusted to either 1) lower %MVC or 2) a shorter protocol (< 20 min) which would 

have improved subject comfort without sacrificing the objective of experiencing muscle 

fatigue. Other multimodal monitoring of hemodynamics such as heart rate and blood 

pressure could also have been used as regressors to improve fNIRS signals and 

provide systemic physiology information. As well, when considering static functional 

connectivity (SFC) and functional connectivity variability (FCV) in Chapter 3, it would be 

more informative to analyze the resulting r-values per subject and then average as 

oppose to a group average immediately per frequency band to test data consistency. 

Additionally, diffuse correlation spectroscopy (DCS) would be beneficial to map regional 

cerebral blood flow in motor fatigue and tPBM thus providing the spatiotemporal extent 

of the changes induced in these studies. In the tPBM study presented in Chapter 4, at 

least 5 min should have been recorded after tPBM stimulation, which is typically the 

minimum measurement time for reliable FC measurements. Lastly, while there have 

been several tPBM studies that have optimized wavelengths, daily doses, number of 

sessions, and power densities165 there is a need to be further optimize the length of 

tPBM exposure. 
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5.3 Future work 

The cumulation of this research may be used in future research towards mapping 

differences in cortical networks during fatiguing handgrip task in older type 2 diabetic 

population. This research has provided the foundation for cortical activation, 

connectivity, and other metrics during fatiguing handgrip task in young adults and can 

be extrapolated to an older population. Furthermore, more recent research has further 

supported the notion that strength training results in cortical adaptations, preceding 

motoneuronal adaptations.  One study by Glover and Baker (2020) determined in non-

human primates that strength training is associated more so with neural adaptations in 

the intracortical circuits than the corticospinal and motoneuronal adaptations.166 In 

addition, Jorowitz et al. (2020) concluded that blood factor glycosylphosphatidylinositol - 

specific phospholipase D1 (GpId1) transferred to sedentary aged mice resulted in 

healthier and enlarged blood vessels in subcortical structures associated with motion 

control.167  Ultimately, these studies and the work presented in this dissertation 

contribute to the idea that the brain could be used as an early indicator of vascular 

health issues.  

Additionally, this research may attribute to the future testing of tPBM capability to 

attenuate muscle fatigue. A transcranial direct current stimulation (tDCS) study has 

previously explored the manipulation of motor cortex excitability during sub-maximal 

exercise and showed that it improve endurance time.168 tPBM may have similar effects 

on brain networks during motor fatigue despite different neuromodulation mechanisms, 

as also seen in our third study presented in Chapter 4. Lastly, this work could be further 
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expanded upon by studying repeat tPBM treatments and correlating the results with 

improved physical performance, which would benefit current clinical studies.169  
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