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Background: Fatigue is one of the most common symptoms of multiple sclerosis (MS), significantly affecting the functioning of the patients. However, the neural underpinnings of physical and mental fatigue in MS are still vague. The aim of our study was to investigate the functional architecture of resting-state networks associated with fatigue in patients with MS.

Methods: The sum of 107 high-functioning patients underwent a resting-state scanning session and filled out the 9-item Fatigue Severity Scale (FSS). Based on the FSS score, we identified patients with different levels of fatigue using the cluster analysis. The low-fatigue group consisted of n = 53 subjects, while the high-fatigue group n = 48. The neuroimaging data were analyzed in terms of functional connectivity (FC) between various resting-state networks as well as amplitude of low-frequency fluctuation (ALFF) and fractional amplitude of low-frequency fluctuations (fALFF).

Results: Two-sample t-test revealed between-group differences in FC of posterior salience network (SN). No differences occurred in default mode network (DMN) and sensorimotor network (SMN). Moreover, differences in fALFF were shown in the right middle frontal gyrus and right superior frontal gyrus, however, no ALFF differences took place.

Conclusion: Current study revealed significant functional network (FN) architecture between-group differences associated with fatigue. Present results suggest the higher level of fatigue is related to deficits in awareness as well as higher interoceptive awareness and nociception.
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory, neurodegenerative disease characterized by demyelination and axonal damage in the central and peripheral nervous systems. There are four courses of the disease and the most common one is a relapsing-remitting form (RRMS), in which the relapses of symptoms are followed by periods of remission with a different duration and a break between them. The courses differ in the type of attack by the immune system, clinical picture as well as neurological symptoms (Filippi et al., 2018; Lassmann, 2018). The MR image, which is partly used for diagnosis, shows focal lesions that are triggered by chronic inflammatory processes and cause symptoms of the disease, including mobility problems, pain, and cognitive decline (Filippi et al., 2018). On a neuronal level, diseased and structurally injured brain causes functional disruption of various neural networks. Therefore, functional networks (FNs) can be characterized with different activity in early and late stages of the disease. Deficits and disruption in one network are reported to cause hyperconnectivity in another network, which compensate for the loss in the disrupted network. It is believed hyperconnectivity represents an observable brain response to neural network disruption (Hillary and Grafman, 2017). Functional compensatory mechanisms are especially reported to be very common at the early, mild stages of the MS, which can limit first clinical manifestations of the disease until a certain threshold of damage is exceeded (Pantano et al., 2002; Audoin et al., 2005; Mainero et al., 2006; Basile et al., 2014; Droby et al., 2016; Castellazzi et al., 2018; Koubiyr et al., 2021). One of the most common (occurring in up to 80% of patients) symptoms in the early stages of MS is fatigue, influencing normal functioning (Simionia et al., 2007; Forwell et al., 2008; Gupta et al., 2013; Loy et al., 2017). Rudroff et al. (2016) propose the model, where fatigue in MS is described as “the decrease in physical and/or mental performance that results from changes in central, psychological and/or peripheral factors.” Nevertheless, it differs significantly from tiredness seen in healthy individuals or other chronic disease patients and many MS patients describe fatigue as the most debilitating disease sign (Bakshi, 2003; Kos et al., 2007; Induruwa et al., 2012). The phenomenon of fatigue in MS can be understood on the level of state fatigue, which relates to psychological state in the specific moment of time or fatigue as a trait. Enoka et al. (2021) divide trait fatigue into perceived fatigability and objective fatigability. The former can be operationalized from capacity to perform past, present, and future activities, while the latter refers to limits of current actions, manifested in voluntary activations and contractile function.

The mechanisms of fatigue could be divided into primary ones such as involvement of immune system and altered patterns of brain activation through lesions or secondary mechanisms, which results from related conditions like sleep disorders or depression (Braley and Chervin, 2010). Nevertheless, the origin and mechanism of this symptom are still poorly understood. However, fatigue in MS is thought to be mostly linked to age, disability, and disease duration (Colosimo et al., 1995; Ghajarzadeh et al., 2013; Loy et al., 2017), with some suggestion that disability is a driving factor (Kroencke et al., 2000).

The researchers have been already looking for structural and functional correlates of fatigue in MS, however, metaanalyzes show that most of the studies focus on MS patients with moderate or severe disability status (Loy et al., 2017; Moss-Morris et al., 2021). So far, Wilting et al. (2015) using voxel-based morphometry revealed thalamic alterations associated with fatigue in the early stage of relapsing-remitting MS. Functional abnormalities of the brain could be distinguished by resting-state fMRI (rs-fMRI), which enables studying functional interactions in the state of rest, without any explicit task performance (Smith et al., 2013). These interactions and their alterations are determined in healthy individuals in various conditions and clinical approaches, including patients with MS. The previous research on MS indicated diminished synchronization in the cerebellum, thalamus, or insula with other brain regions (Zhou et al., 2013; Tona et al., 2014). Moreover, the alterations in functional connectivity (FC) in MS are correlated with the disability progression (Faivre et al., 2016; Tommasin et al., 2020). Zhou et al. (2016) also revealed disturbances in brain atrophy, a new approach to investigate brain temporal dynamics, in patients with MS compared to healthy subjects. Several studies associate resting-state FC with MS-related fatigue (e.g., Bisecco et al., 2017; Jaeger et al., 2018; Stefancin et al., 2019), demonstrating divergent results.

The disturbances of FC were so far revealed mainly in DMN (Bonavita et al., 2011, 2016; Zhou et al., 2014) and salience network (SN) (Cruz-Gómez et al., 2013; Manca et al., 2019). Moreover, the previous research revealed altered amplitude of low-frequency fluctuation (ALFF) in, i.e., motor, cerebellar, or frontal regions (Liu et al., 2011; Mansoory et al., 2018; Plata-Bello et al., 2018).

The aim of the current study is to determine the fatigue-related FC disturbances in default mode network (DMN), SN, and sensorimotor network (SMN) as well as whole brain ALFF and fractional amplitude of low-frequency fluctuations (fALFF) in the mild stage of RRMS. Based on the previous literature, we hypothesize hyperconnectivity in DMN, SN as well as SMN as a sign of compensation mechanisms in networks which are thought to be disrupted during the progression of MS. Moreover, we hypothesize altered ALFF, fALFF and graph measures in frontal, motor, and cerebellar regions.



MATERIALS AND METHODS


Subjects

The recruitment strategy was based on a collaboration with the Multiple Sclerosis Treatment Center of Jagiellonian University Hospital. All patients meeting the criteria of relapsing-remitting type of the disease, the Expanded Disability Status Scale (EDSS) score no higher than 4, no flu-like symptoms, no contraindications for MRI scanning (pregnancy, use of electrostimulator or pacemaker, non-removable prosthesis in the body made from ferromagnetic material, claustrophobia) were invited to take part in the study. The invitation was given by their doctor during their routine, seasonal follow up visit. The Institute of Applied Psychology Ethics Committee of the Jagiellonian University approved the study, and an informed consent was obtained from all participants in accordance with the Declaration of Helsinki.

Due to the compromised quality of MRI scans, data from 6 participants needed to be removed from further analysis, the final research sample consisted of 101 participants (37 men) aged from 20 to 59 (M = 36.67; SD = 8.04). The mean EDSS score for all patients was M = 1.34; SD = 0.95.



Basic Information and Short Medical Interview

Information about participants’ age and gender as well as their current EDSS score was provided by the recruiting physician. Short medical interview was conducted with each participant and information of the first occurrence of MS symptoms and the beginning of MS related treatment was gathered by the doctor.

Early, mild stage of the disease was defined due to the severity of the disease rather than due to the time from the beginning of the treatment or from the onset of first symptoms. As a results, doctors recruited patients whose EDSS score was no higher than 4 (M = 1.34; SD = 0.95). Patients up to that stage are self-sufficient and able to walk without rest or support for at least 500 m (Çinar and Yorgun, 2018). Above criteria are presumably more objective, since first onset of symptoms as recalled by patients can be biased and the beginning of treatment depends on the patient’s own subjective decision of when the symptoms were severe enough for them to seek medical advice. Moreover, after 10–20 years, many patients with relapsing-remitting MS develop secondary-progressive MS, where impairment accumulates over time (Moss-Morris et al., 2021). Above fact may contribute to the statement that current study investigates MS patients in early stages.



Fatigue Severity Scale Assessment

All participants filled in the Fatigue Severity Scale (FSS) (Krupp et al., 1989). The method is a one-dimensional questionnaire consisting of nine statements about the feeling of fatigue experienced during last week. Seven-point Likert scale is used to rank the level of agreement with every statement from 1 – strongly disagree to 7 – strongly agree. Overall score is a sum of all questions divided by nine. Score of 4 and greater is considered to indicate a substantial level of fatigue (Andreasen et al., 2011; Learmonth et al., 2013). Fatigue Severity Scale is a method widely used in studies on MS and is characterized with good psychometric properties with Cronbach’s alpha of 0.93 (Amtmann et al., 2012). According to Enoka et al. (2021) it allows to quantify perceived fatigability.

In the current study participants filled out Polish version of the questionnaire used previously in another study conducted on Polish population (Goła̧b-Janowska et al., 2016). Scale was translated from English by a team consisting of a neurologist and a translator and then back-translated by an independent bilingual person. Any inaccuracies were discussed and corrected.



Expanded Disability Status Scale

Prior to the study all participants were assessed on the EDSS which is a tool widely used to measure disability level in patients with MS (Çinar and Yorgun, 2018). It is based on structured interview and clinical examination. The final score of the scale ranges from 0 – normal neurological examination to 10 – death.



MRI Acquisition

MRI data was acquired using 3T Siemens Skyra MR System (Siemens Medical Solutions, Erlangen, Germany). Structural images were obtained using sagittal 3D T1-weighted MPRAGE sequence. Total of 13 min and 20 s rs-fMRI EPI images were acquired using gradient-echo single-shot echo planar imaging sequence with the following parameters: TR = 800 ms; TE = 27 ms; slice thickness = 0.8 mm, voxel size = 3 mm3, with no gap using 60-channel coil. Total of 52 interleaved transverse slices and 1000 volumes were acquired. During the acquisition, participants were instructed to keep their eyes open and not to think about anything in particular. Simultaneous-multi-slice (SMS) acquisition was acquired in order to enhance the sensitivity of hemodynamic response by acquiring two or more slices simultaneously and as a consequence, decreasing TR to 0.8 s.



Imaging Data Preprocessing

The rs-fMRI data processing was performed using Data Processing & Analysis for Brain Imaging (DPABI) V6.0 (Yan et al., 2016) as well as SPM 12 (Wellcome Trust Centre for Neuroimaging, UCL, London, United Kingdom) both working under MATLAB version R2018a (The MathWorks, Inc., Natick, MA, United States). Firstly, 10 time points were discarded due to signal equilibration and then slice timing was conducted. Next, realignment with assessment of the voxel specific head motion was conducted. Six participants displayed movements above 3 mm or 3° in one or more of the orthogonal directions and therefore had to be disqualified from further analysis. Then, using standard EPI template functional images were linearly normalized in DARTEL to Montreal Neurological Institute (MNI) space and spatially resampled to 2 × 2 × 2 mm voxel size. The 24 motion parameters derived from the realignment step, white matter as well as cerebrospinal fluid signals and five principal components were removed using principal components analysis integrated in a component based noise correction method (Behzadi et al., 2007). The global signal was included due to its potential to provide additional valuable information (Liu et al., 2017). The signal was then band-pass filtered (0.01–0.08 Hz) to reduce high-frequency noise and low-frequency drift, such as the respiratory and cardiac rhythms. The data was not smoothed.



K-Means Clustering

K-means is considered to be the mostly used clustering technique for vector data (Thirion et al., 2014). It results in the partition of n observations into k clusters, where each observation belongs to the cluster with the nearest mean, described as cluster centers. In current study, supervised k-means algorithm was used. Participants were divided into 2 clusters according to overall FSS score. According to the literature, the score of fatigue which is 4 or higher is considered to indicate substantial level of fatigue (Andreasen et al., 2011; Learmonth et al., 2013). As a result of k-means clustering, a low-fatigue group (M = 2.41; SD = 0.74) consisted 53 subjects while the high-fatigue group (M = 4.64; SD = 0.77) had 48 subjects in it.



Analyzes Rationale

In order to investigate functional architecture of neural networks, three types of fMRI analyzes were conducted. Firstly, FC within DMN, SN, and SMN was calculated. Secondly, whole-brain analyzes were explored. Conventional (ALFF) and fALFF were calculated with the use of typical, universal frequency band of 0.01–0.08 Hz. Moreover, topological properties of FN were investigated on a global and local level with the use of graph metrics.



Functional Connectivity Analysis

First level FC analysis was calculated within five sets of regions using an ROI-to-ROI approach. Five regions of interests (ROIs), such as DMN, SN, and SMN were chosen based on the regions defined by Stanford University. All ROIs can be downloaded in author’s website.1 ROIs include: dorsal DMN, ventral DMN, posterior SN, anterior SN and SMN. Raw time courses were extracted from each subject using “ROI Signal Extractor” module in DPABI V6.0 (Yan et al., 2016) working under MATLAB version R2018a (The MathWorks, Inc., Natick, MA, United States) and SPM 12 (Wellcome Trust Centre for Neuroimaging, UCL, London, United Kingdom). The two-sample t-tests comparing FC values in both groups were performed for every ROI, the significance level was set to p < 0.05, with FDR correction (Benjamini–Hochberg procedure) for multiple comparisons.



Amplitude of Low-Frequency Fluctuation and Fractional Amplitude of Low-Frequency Fluctuations Analysis

Amplitude of low-frequency fluctuation allows to estimate the neural component from the BOLD signal, showing the content of the power is in the low-frequency range. ALFF is a whole-brain analysis, which enables focusing on each voxel of the brain, making it a complementary method to FC (Wang et al., 2016).

Fractional amplitude of low-frequency fluctuations, on the other hand, measures the power within a specific frequency range divided by the total power in the entire detectable frequency range which is 0–0.25 Hz (Zou et al., 2008). Noteworthy, it is considered as more sensitive to neural origins of low-frequency fluctuations (Bijsterbosch and Beckmann, 2017), making the analysis of low frequency fluctuations more comprehensive.

Amplitude of low-frequency fluctuation as well as fALFF were calculated using DPABI v 6.0 (Yan et al., 2013). The time series for each voxel was transformed to the frequency domain with the use of a fast Fourier transform. The square root of the power spectrum was calculated, then averaged across 0.01–0.08 Hz, and standardized to z-score by dividing the subject-level maps by the standard deviation. For standardization purposes and to reduce the influence of individual variation in ALFF values, the ALFF of each voxel was then divided by the global mean of ALFF values for each subject within the default brain mask from the DPABI, removing background and other signals which were not from brain tissue. As a result, a standardized whole-brain ALFF map was created. Both ALFF and fALFF were calculated in the typical frequency band of 0.01–0.08 Hz. ALFF and fALFF statistical analyses were conducted at the voxel-level of p = 0.001.



Graphs Metrics

GraphVar 2.02b (Kruschwitz et al., 2015) and MATLAB version R2018a (The MathWorks, Inc., Natick, MA, United States) were used in order to examine the topological properties of functional brain network at global and local levels. Global measures were used to describe macroscale organization and integration of all nodes in the brain network and included: mean clustering coefficient and assortativity. Local properties were calculated for each individual node (region) separately and reflecting the nodal centrality in the network. In this study, common local properties such as clustering coefficient and eigenvector centrality were calculated (the measures are discussed in detail in https://sites.google.com/site/bctnet/measures/list). Data used for graph measures were not smoothed during preprocessing steps. For each subject, 116 ROIs were defined according to the AAL atlas (Tzourio-Mazoyer et al., 2002). In order to obtain a 116 × 116 undirected binary correlation matrix, mean time course for each region was extracted and then the Pearson coefficients between each pair of ROIs were calculated. In order to exclude the spurious links in interregional connectivity matrices (Power et al., 2011), we adopted a thresholding procedure based on the strongest connections, removing the weaker ones (van den Heuvel et al., 2017). Above procedure enabled to compare network topology between as well as within participants (Gamboa et al., 2014). Network edges were defined using a sparsity thresholding procedure ranging from 0.1 to 0.5 in steps of 0.05, universal for all of the subjects. Both age and EDSS scores were used as a nuisance covariate.




RESULTS

Cluster 1 consisted of 53 patients (20 men) aged from 20 to 56 (M = 35.06; SD = 7.87). Mean FSS score (M = 2.41; SD = 0.74), EDSS score (M = 1.15; SD = 0.79), years since onset of first MS symptoms (M = 8.06; SD = 4.73) as well as years since the start of MS related treatment (M = 5.43; SD = 3.23) were calculated. Cluster 2 consisted of 48 patients (17 men) aged from 25 to 59 (M = 38.46; SD = 7.91). Mean FSS score (M = 4.64; SD = 0.77), EDSS score (M = 1.54; SD = 1.06), years since onset of first MS symptoms (M = 9.81; SD = 4.62), and years since the start of MS related treatment were calculated (M = 6.98; SD = 3.5). Clusters differed significantly in age [t(2,99) = 2.16; p = 0.033] and the older patients were placed in the Cluster 2. Moreover, patients from Cluster 2 also obtained significantly higher scores in FSS [t(2,99) = −14.79; p < 0.001], EDSS [t(2,99) = 2.083; p = 0.04], and were treated for MS longer than participants from Cluster 1 [t(2,99) = 2.308; p = 0.023]. Clusters showed no significant difference in gender χ2 = (1, n = 101) = 0.058; p = 0.809 and years from the first onset of MS symptoms t(2,99) = 1.882; p = 0.063. All demographic values are showed in Table 1.


TABLE 1. Demographic and medical data of patients in clusters.
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A one-way ANCOVA was conducted to investigate potential between-group differences in FC of DMN, SN, and SMN associated with the level of fatigue. The analysis revealed statistically significant difference between patients in Cluster 1 and Cluster 2 in posterior SN, while controlling for age, disability level, and duration of pharmacological treatment [F(2,90) = 6.093; p = 0.016]. Post hoc comparisons using Bonferroni test indicated that the mean FC values for the Cluster 1 (M = 0.401; SD = 0.115) was significantly different from mean FC values for Cluster 2 (M = 0.457; SD = 0.113). These results suggests that the FC between brain areas among posterior SN was higher in Cluster 2 in which the fatigue level was increased as compared to Cluster 1 and that this result is independent of age, disability level, and duration of pharmacological treatment. A one-way ANCOVA showed no significant differences between Cluster 1 and Cluster 2 in FC among anterior SN [F(2,91) = 1.858; p = 0.176], dorsal [F(2,91) = 1.353; p = 0.248], and ventral [F(2,91) = 0.906; p = 0.344] parts of the DMN as well as SMN [F(2,91) 0.590; p = 0.444]. Furthermore, two sample t-test showed statistically significant between-group differences in fALFF [t(2,99) = 3.17; p = 0.027]. The threshold was set at the p-value 0.001 with cluster size of 28 voxels. Patients with higher fatigue level had lower fALFF in right middle frontal gyrus as well as right superior frontal gyrus. No differences were found in ALFF as well as graph measures (p > 0.05). All of the fMRI results are FDR corrected with p < 0.05. Visualization of above results can be found in Figures 1, 2.
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FIGURE 1. Cluster showing whole-brain fALFF analysis differences between both groups in (A) coronal plane, (B) sagittal plane, and (C) axial plane. The template “Ch2bet” was obtained from MRIcroGL.
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FIGURE 2. Boxplot showing raw functional connectivity values in posterior salience network for groups with low and high fatigue.




DISCUSSION

The aim of the current study was to investigate the association of FN architecture in DMN, SN, and SMN as well as whole-brain ALFF and fALFF with the level of fatigue in the mild stage of RRMS.

The investigation revealed higher average FC in posterior SN in Cluster 2 in comparison with Cluster 1. The SN play an enormous role in attentional processes such as its distribution and capacity (Manca et al., 2019), enabling productive information processing as well as faster responses to stimuli. At the same time, people with chronic fatigue syndrome are coherently described as the ones with significant deficits in attention (Ray et al., 1993; Holgate et al., 2011). Accordingly, subjects from Cluster 2, who declare to be almost twice as much tired as participants from Cluster 1, manifest decreased attention, compared to the group with the lower scores of fatigue. Therefore, higher FC in posterior SN in RRMS patients might be a compensatory mechanism which enables the patients to cope with deficits of attention. Many studies point to the compensation mechanisms in MS patients, especially in the early stages (Pantano et al., 2002; Audoin et al., 2005; Mainero et al., 2006; Basile et al., 2014; Droby et al., 2016; Castellazzi et al., 2018; Koubiyr et al., 2021). Hyperconnectivity is thought to represent an observable brain response to neural network disruption caused by diseased and structurally injured brain (Hillary and Grafman, 2017). However, only short-term hyperconnectivity is considered to be beneficial, while long-term hyperconnectivity can have bad consequences for human brain. Increased brain metabolism, caused by a local hyperconnectivity, is a predictor of higher amyloid beta (Aβ) deposition, which is a well-known signature of Alzheimer’s disease. In conclusion, chronic hyperconnectivity, performing a function of compensatory mechanisms, can lead to a serious progressive neurodegeneration (Vlassenko et al., 2010; Myers et al., 2014; Hillary and Grafman, 2017). Noteworthy, the main region of the posterior SN is posterior insula, which is widely known to be involved in interoceptive awareness, understood as a capability to knowingly perceive inner bodily signals (Kuehn et al., 2016). According to Craig et al. (2000), changes in the activity of posterior insula correlate with the graded intensity of interoceptive stimuli, while stimulation of the same region of interest results in interoceptive and somatic sensations (Penfield and Faulk, 1955). Moreover, posterior insula is thought to play a crucial role in nociception (Frot et al., 2014; Segerdahl et al., 2015). Higher nociception in MS patients stays in line with the literature, as chronic neuropathic pain is frequent and very characteristic symptom of this neurodegenerative disease (Yilmazer et al., 2020). Current study is also congruent with the research of Chen et al. (2021), who observed increased FC in the parts of insula which were described as an interoceptive hub. What is more, the study concludes that hyperconnectivity of interoceptive network is associated with experiencing of the cognitive fatigue.

Another result from the current study revealed smaller fALFF in RRMS patients with higher fatigue score in the cluster located in right middle frontal gyrus and right superior frontal gyrus. In the study of Sepulcre et al. (2009) lesion load in the exact same regions was positively correlated with the fatigue score. Authors concluded that lesions in aforementioned regions are associated with the disruption of FNs responsible for cognitive and attention processes. Other studies also point out the relation of middle frontal gyrus and fatigue in MS (Filippi et al., 2002; Calabrese et al., 2010). Noteworthy, both right middle frontal gyrus as well as the right superior frontal gyrus are thought to be located at the borderline between DMN and cognitive executive network (Young et al., 2017), while the SN is reported to modulate the switch between aforementioned two networks (Menon, 2015). Above results are very promising, considering hyperconnectivity in SN in MS patients with higher fatigue.

Noteworthy, brain regions with significantly altered FC as well as fALFF are anatomically or functionally connected to striatal-thalamic-frontal network, commonly known as the fatigue network (Genova et al., 2013). Genova et al. (2013) with the use of cognitively fatiguing task and FSS revealed that striatum as well as thalamus, frontal regions and its interconnected regions play significant role in perceived fatigability in MS patients. Interestingly, the SN, which had higher FC in patients with higher fatigue, consists regions which shows intrinsic connection to striatum and thalamus (Menon, 2015). The same group of patients manifested smaller fALFF in middle and superior frontal gyrus, which overlap with the striatal-thalamic-frontal network. Therefore, our results are partly congruent with the results of Genova et al. (2013) pointing on neural correlates of perceived fatigability in MS.

The current study revealed that MS patients with higher fatigue level were characterized with significantly higher disability status, age as well as longer pharmacological treatment. Above results are congruent with various previous studies (Colosimo et al., 1995; Kroencke et al., 2000; Ghajarzadeh et al., 2013) as well as the meta-analysis of Loy et al. (2017), who reports that MS patients with higher EDSS and longer disease duration suffer from fatigue more than patients with lower EDSS. Aforementioned questionnaire results, which stays in line with other studies in the field, strengthen the fMRI results on the neural basis of fatigue in mild stage MS.


Limitations

The study has potential limitations. For example, using supervised k-means algorithm for dividing patients into clusters, as k-means was traditionally used for the unsupervised clustering. However, using unsupervised k-means clustering is not guaranteed to group the same types of objects together. Therefore, some supervision is needed to select objects which have the same label into one cluster. It has also been shown that the supervised k-means algorithm can be efficiently and effectively applied to various data sets (Al-Harbi and Rayward-Smith, 2006), hence we believe that using the supervised k-means algorithm was appropriate for current study. Secondly, the EDSS has some limitations. It provides ordinal scores and therefore contains less information than a scale using continuous measures, such as for example Multiple Sclerosis Functional Composite (MSFC) (Rudick et al., 2002). It was also reported that MSFC correlates better with brain measures and quality of life in MS patients (Kalkers et al., 2001; Rudick et al., 2002). However, Meyer-Moock et al. (2014) compared in their comprehensive study psychometric properties of both forementioned scales and concluded that both instruments display satisfying parameters. They pointed out that EDSS have an advantage in being internationally accepted and widely used. In addition, future studies should consider recruiting patients with the late stage of MS, in order to compare both stages with each other and broaden the picture of neuronal bases of fatigue in MS. Furthermore, we examined patients who could be treated with the medications which cause symptoms similar to the fatigue. Future studies should also measure pain, anxiety, and depressive symptoms as they are significant part of MS.

In conclusion, current study revealed significant FN architecture between-group differences associated with the fatigue. Present results suggest that the higher level of fatigue is related to deficits in attention as well as higher interoceptive awareness and nociception.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institute of Applied Psychology Ethics Committee of the Jagiellonian University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MF, TM, MW, AMS, BB, AC, and AZ: conception and design of the work. AMS, BB, AC, and AZ: data acquisition. AMS, BB, and AC: rs-fMRI data analysis. AMS, BB, MF, and TM: interpretation of the results. AMS, BB, AC, AZ, MW, AS, MM, KN, and KZ-W: drafting the work. AMS, BB, AC, AZ, MF, TM, MW, AS, MM, KN, and KZ-W: revising. MW, AS, MM, KN, and KZ-W: patients recruitment and diagnosis, revising the manuscript critically and final approval of the version to be published. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported and funded by the Foundation for Polish Science (FNP) project Bio-inspired Artificial Neural Networks (POIR.04.04.00-00-14DE/18-00).


FOOTNOTES

1https://findlab.stanford.edu/research


REFERENCES

Al-Harbi, S. H., and Rayward-Smith, V. J. (2006). Adapting k-means for supervised clustering. Appl. Intell. 24, 219–226.

Amtmann, D., Bamer, A. M., Noonan, V., Lang, N., Kim, J., and Cook, K. F. (2012). Comparison of the psychometric properties of two fatigue scales in multiple sclerosis. Rehabil. Psychol. 57:159. doi: 10.1037/a0027890

Andreasen, A. K., Stenager, E., and Dalgas, U. (2011). The effect of exercise therapy on fatigue in multiple sclerosis. Mult. Scler. J. 17, 1041–1054.

Audoin, B., Van Au Duong, M., Ranjeva, J. P., Ibarrola, D., Malikova, I., Confort-Gouny, S., et al. (2005). Magnetic resonance study of the influence of tissue damage and cortical reorganization on PASAT performance at the earliest stage of multiple sclerosis. Hum. Brain Mapp. 24, 216–228. doi: 10.1002/hbm.20083

Bakshi, R. (2003). Fatigue associated with multiple sclerosis: diagnosis, impact and management. Mult. Scler. J. 9, 219–227. doi: 10.1191/1352458503ms904oa

Basile, B., Castelli, M., Monteleone, F., Nocentini, U., Caltagirone, C., Centonze, D., et al. (2014). Functional connectivity changes within specific networks parallel the clinical evolution of multiple sclerosis. Mult. Scler. J. 20, 1050–1057. doi: 10.1177/1352458513515082

Behzadi, Y., Restom, K., Liau, J., and Liu, T. T. (2007). A component-based noise correction method (CompCor) for BOLD and perfusion-based fMRI. Neuroimage 37, 90–101. doi: 10.1016/j.neuroimage.2007.04.042

Bijsterbosch, J., and Beckmann, C. (2017). An Introduction to Resting State fMRI Functional Connectivity. Oxford: Oxford University Press.

Bisecco, A., Nardo, F. D., Docimo, R., Caiazzo, G., d’ Ambrosio, A., Bonavita, S., et al. (2017). Fatigue in multiple sclerosis: the contribution of resting-state functional connectivity reorganization. Mult. Scler. J. 24, 1696–1705. doi: 10.1177/1352458517730932

Bonavita, S., Gallo, A., Sacco, R., Corte, M. D., Bisecco, A., Docimo, R., et al. (2011). Distributed changes in default-mode resting-state connectivity in multiple sclerosis. Mult. Scler. J. 17, 411–422. doi: 10.1177/1352458510394609

Bonavita, S., Sacco, R., Esposito, S., d’ Ambrosio, A., Della Corte, M., Corbo, D., et al. (2016). Default mode network changes in multiple sclerosis: a link between depression and cognitive impairment? Eur. J. Neurol. 24, 27–36. doi: 10.1111/ene.13112

Braley, T. J., and Chervin, R. D. (2010). Fatigue in multiple sclerosis: mechanisms. evaluation, and treatment. Sleep 33, 1061–1067. doi: 10.1093/sleep/33.8.1061

Calabrese, M., Rinaldi, F., Grossi, P., Mattisi, I., Bernardi, V., Favaretto, A., et al. (2010). Basal ganglia and frontal/parietal cortical atrophy is associated with fatigue in relapsing—remitting multiple sclerosis. Mult. Scler. J. 16, 1220–1228.

Castellazzi, G., Debernard, L., Melzer, T. R., Dalrymple-Alford, J. C., D’Angelo, E., Miller, D. H., et al. (2018). Functional connectivity alterations reveal complex mechanisms based on clinical and radiological status in mild relapsing remitting multiple sclerosis. Front. Neurol. 9:690. doi: 10.3389/fneur.2018.00690

Chen, M. H., DeLuca, J., Genova, H. M., Yao, B., and Wylie, G. R. (2020). Cognitive fatigue is associated with altered functional connectivity in interoceptive and reward pathways in multiple sclerosis. Diagnostics 10:930. doi: 10.3390/diagnostics10110930

Çinar, B. P., and Yorgun, Y. G. (2018). What we learned from the history of multiple sclerosis measurement: expanded disability status scale. Arch. Neuropsychiatry 55(Suppl. 1):S69. doi: 10.29399/npa.23343

Colosimo, C., Millefiorini, E., Grasso, M. G., Vinci, F., Fiorelli, M., Koudriavtseva, T., et al. (1995). Fatigue in MS is associated with specific clinical features. Acta Neurol. Scand. 92, 353–355. doi: 10.1111/j.1600-0404.1995.tb00145.x

Craig, A. D., Chen, K., Bandy, D., and Reiman, E. M. (2000). Thermosensory activation of insular cortex. Nat. Neurosci. 3, 184–190. doi: 10.1038/72131

Cruz-Gómez, ÁJ., Ventura-Campos, N., Belenguer, A., Ávila, C., and Forn, C. (2013). The link between resting-state functional connectivity and cognition in MS patients. Mult. Scler. J. 20, 338–348. doi: 10.1177/1352458513495584

Droby, A., Yuen, K. S., Muthuraman, M., Reitz, S. C., Fleischer, V., Klein, J., et al. (2016). Changes in brain functional connectivity patterns are driven by an individual lesion in MS: a resting-state fMRI study. Brain Imaging Behav. 10, 1117–1126. doi: 10.1007/s11682-015-9476-3

Enoka, R. M., Almuklass, A. M., Alenazy, M., Alvarez, E., and Duchateau, J. (2021). Distinguishing between fatigue and fatigability in multiple sclerosis. Neurorehabil. Neural Repair 35, 960–973. doi: 10.1177/15459683211046257

Faivre, A., Robinet, E., Guye, M., Rousseau, C., Maarouf, A., Le Troter, A., et al. (2016). Depletion of brain functional connectivity enhancement leads to disability progression in multiple sclerosis: a longitudinal resting-state fMRI study. Mult. Scler. J. 22, 1695–1708. doi: 10.1177/1352458516628657

Filippi, M., Bar-Or, A., Piehl, F., Preziosa, P., Solari, A., Vukusic, S., et al. (2018). Multiple sclerosis. Nat. Rev. Dis. Primers 4:43. doi: 10.1038/s41572-018-0041-4

Filippi, M., Rocca, M. A., Colombo, B., Falini, A., Codella, M., Scotti, G., et al. (2002). Functional magnetic resonance imaging correlates of fatigue in multiple sclerosis. Neuroimage 15, 559–567. doi: 10.1006/nimg.2001.1011

Forwell, S. J., Brunham, S., Tremlett, H., Morrison, W., and Oger, J. (2008). Primary and nonprimary fatigue in multiple sclerosis. Int. J. MS Care 10, 14–20. doi: 10.7224/1537-2073-10.1.14

Frot, M., Faillenot, I., and Mauguière, F. (2014). Processing of nociceptive input from posterior to anterior insula in humans. Hum. Brain Mapp. 35, 5486–5499. doi: 10.1002/hbm.22565

Gamboa, O. L., Tagliazucchi, E., von Wegner, F., Jurcoane, A., Wahl, M., Laufs, H., et al. (2014). Working memory performance of early MS patients correlates inversely with modularity increases in resting state functional connectivity networks. Neuroimage 94, 385–395.

Genova, H. M., Rajagopalan, V., DeLuca, J., Das, A., Binder, A., Arjunan, A., et al. (2013). Examination of cognitive fatigue in multiple sclerosis using functional magnetic resonance imaging and diffusion tensor imaging. PLoS One 8:e78811. doi: 10.1371/journal.pone.0078811

Ghajarzadeh, M., Jalilian, R., Eskandari, G., Sahraian, M. A., Azimi, A., and Mohammadifar, M. (2013). Fatigue in multiple sclerosis: relationship with disease duration, physical disability, disease pattern, age and sex. Acta Neurol. Belg. 113, 411–414. doi: 10.1007/s13760-013-0198-2

Goła̧b-Janowska, M., Kotlęga, D., Safranow, K., Meller, A., Budzianowska, A., and Honczarenko, K. (2016). Risk factors of fatigue in idiopathic Parkinson’s disease in a Polish population. Parkinson’s Dis. 2016, 1–8. doi: 10.1155/2016/2835945

Gupta, A., Nagaraj, K., Prasad, C., Taly, A., and Christopher, R. (2013). Prevalence of fatigue in patients with multiple sclerosis and its effect on the quality of life. J. Neurosci. Rural Pract. 4, 278–282. doi: 10.4103/0976-3147.118774

Hillary, F. G., and Grafman, J. H. (2017). Injured brains and adaptive networks: the benefits and costs of hyperconnectivity. Trends Cogn. Sci. 21, 385–401. doi: 10.1016/j.tics.2017.03.003

Holgate, S. T., Komaroff, A. L., Mangan, D., and Wessely, S. (2011). Chronic fatigue syndrome: understanding a complex illness. Nat. Rev. Neurosci. 12, 539–544. doi: 10.1038/nrn3087

Induruwa, I., Constantinescu, C. S., and Gran, B. (2012). Fatigue in multiple sclerosis — a brief review. J. Neurol. Sci. 323, 9–15. doi: 10.1016/j.jns.2012.08.007

Jaeger, S., Paul, F., Scheel, M., Brandt, A., Heine, J., Pach, D., et al. (2018). Multiple sclerosis–related fatigue: altered resting-state functional connectivity of the ventral striatum and dorsolateral prefrontal cortex. Mult. Scler. J. 25, 554–564. doi: 10.1177/1352458518758911

Kalkers, N. F., Bergers, L., De Groot, V., Lazeron, R. H. C., Van Walderveen, M. A. A., Uitdehaag, B. M. J., et al. (2001). Concurrent validity of the MS functional composite using MRI as a biological disease marker. Neurology 56, 215–219. doi: 10.1212/wnl.56.2.215

Kos, D., Kerckhofs, E., Nagels, G., D’hooghe, M. B., and Ilsbroukx, S. (2007). Origin of fatigue in multiple sclerosis: review of the literature. Neurorehabil. Neural Repair 22, 91–100. doi: 10.1177/1545968306298934

Koubiyr, I., Deloire, M., Brochet, B., Besson, P., Charré-Morin, J., Saubusse, A., et al. (2021). Structural constraints of functional connectivity drive cognitive impairment in the early stages of multiple sclerosis. Mult. Scler. J. 27, 559–567. doi: 10.1177/1352458520971807

Kroencke, D. C., Lynch, S. G., and Denney, D. R. (2000). Fatigue in multiple sclerosis: relationship to depression, disability, and disease pattern. Mult. Scler. J. 6, 131–136. doi: 10.1177/135245850000600213

Krupp, L. B., LaRocca, N. G., Muir-Nash, J., and Steinberg, A. D. (1989). The fatigue severity scale: application to patients with multiple sclerosis and systemic lupus erythematosus. Arch. Neurol. 46, 1121–1123. doi: 10.1001/archneur.1989.00520460115022

Kruschwitz, J. D., List, D., Waller, L., Rubinov, M., and Walter, H. (2015). GraphVar: a user-friendly toolbox for comprehensive graph analyses of functional brain connectivity. J. Neurosci. Methods 245, 107–115.

Kuehn, E., Mueller, K., Lohmann, G., and Schuetz-Bosbach, S. (2016). Interoceptive awareness changes the posterior insula functional connectivity profile. Brain Struct. Funct. 221, 1555–1571. doi: 10.1007/s00429-015-0989-8

Lassmann, H. (2018). Pathogenic mechanisms associated with different clinical courses of multiple sclerosis. Front. Immunol. 9:3116. doi: 10.3389/fimmu.2018.03116

Learmonth, Y., Dlugonski, D., Pilutti, L. A., Sandroff, B. M., Klaren, R., and Motl, R. W. (2013). Psychometric properties of the fatigue severity scale and the modified fatigue impact scale. J. Neurol. Sci. 331, 102–107. doi: 10.1016/j.jns.2013.05.023

Liu, T. T., Nalci, A., and Falahpour, M. (2017). The global signal in fMRI: nuisance or information? Neuroimage 150, 213–229. doi: 10.1016/j.neuroimage.2017.02.036

Liu, Y., Liang, P., Duan, Y., Jia, X., Yu, C., Zhang, M., et al. (2011). Brain plasticity in relapsing–remitting multiple sclerosis: evidence from resting-state fMRI. J. Neurol. Sci. 304, 127–131. doi: 10.1016/j.jns.2011.01.023

Loy, B. D., Taylor, R. L., Fling, B. W., and Horak, F. B. (2017). Relationship between perceived fatigue and performance fatigability in people with multiple sclerosis: a systematic review and meta-analysis. J. Psychosom. Res. 100, 1–7. doi: 10.1016/j.jpsychores.2017.06.017

Mainero, C., Pantano, P., Caramia, F., and Pozzilli, C. (2006). Brain reorganization during attention and memory tasks in multiple sclerosis: insights from functional MRI studies. J. Neurol. Sci. 245, 93–98.

Manca, R., Mitolo, M., Stabile, M. R., Bevilacqua, F., Sharrack, B., and Venneri, A. (2019). Multiple brain networks support processing speed abilities of patients with multiple sclerosis. Postgrad. Med. 131, 523–532. doi: 10.1080/00325481.2019.1663706

Mansoory, M. S., Chehreh, R., and Khoshgard, K. (2018). Brain activity map extraction from multiple sclerosis patients using resting-state fMRI data based on amplitude of low frequency fluctuations and regional homogeneity analysis. Iran. Congr. Med. Phys. 15:281. doi: 10.22038/IJMP.2018.12930

Menon, V. (2015). “Salience network,” in Brain Mapping: An Encyclopedic Reference, Vol. 2, ed. A. W. Toga (Amsterdam: Elsevier Science & Technology), 597–611.

Meyer-Moock, S., Feng, Y. S., Maeurer, M., Dippel, F. W., and Kohlmann, T. (2014). Systematic literature review and validity evaluation of the expanded disability status scale (EDSS) and the multiple sclerosis functional composite (MSFC) in patients with multiple sclerosis. BMC Neurol. 14:58. doi: 10.1186/1471-2377-14-58

Moss-Morris, R., Harrison, A. M., Safari, R., Norton, S., van der Linden, M. L., Picariello, F., et al. (2021). Which behavioural and exercise interventions targeting fatigue show the most promise in multiple sclerosis? A systematic review with narrative synthesis and meta-analysis. Behav. Res. Ther. 137:103464. doi: 10.1016/j.brat.2019.103464

Myers, N., Pasquini, L., Göttler, J., Grimmer, T., Koch, K., Ortner, M., et al. (2014). Within-patient correspondence of amyloid-β and intrinsic network connectivity in Alzheimer’s disease. Brain 137, 2052–2064. doi: 10.1093/brain/awu103

Pantano, P., Iannetti, G. D., Caramia, F., Mainero, C., Di Legge, S., Bozzao, L., et al. (2002). Cortical motor reorganization after a single clinical attack of multiple sclerosis. Brain 125, 1607–1615.

Penfield, W., and Faulk, M. E. Jr. (1955). The insula: further observations on its function. Brain 78, 445–470. doi: 10.1093/brain/78.4.445

Plata-Bello, J., Pérez-Martín, Y., Castañón-Pérez, A., Modroño, C., Hernández-Martín, E., González-Platas, M., et al. (2018). The relationship between amplitude of low frequency fluctuations and gray matter volume of the mirror neuron system: differences between low disability multiple sclerosis patients and healthy controls. IBRO Rep. 5, 60–66. doi: 10.1016/j.ibror.2018.09.002

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A., Church, J. A., et al. (2011). Functional network organization of the human brain. Neuron 72, 665–678.

Ray, C., Phillips, L., and Weir, W. R. (1993). Quality of attention in chronic fatigue syndrome: subjective reports of everyday attention and cognitive difficulty, and performance on tasks of focused attention. Br. J. Clin. Psychol. 32, 357–364. doi: 10.1111/j.2044-8260.1993.tb01068.x

Rudick, R. A., Cutter, G., and Reingold, S. (2002). The multiple sclerosis functional composite: a new clinical outcome measure for multiple sclerosis trials. Mult. Scler. J. 8, 359–365.

Rudroff, T., Kindred, J. H., and Ketelhut, N. B. (2016). Fatigue in multiple sclerosis: misconceptions and future research directions. Front. Neurol. 7:122. doi: 10.3389/fneur.2016.00122

Segerdahl, A. R., Mezue, M., Okell, T. W., Farrar, J. T., and Tracey, I. (2015). The dorsal posterior insula subserves a fundamental role in human pain. Nat. Neurosci. 18, 499–500.

Sepulcre, J., Masdeu, J. C., Goni, J., Arrondo, G., Vélez de Mendizábal, N., Bejarano, B., et al. (2009). Fatigue in multiple sclerosis is associated with the disruption of frontal and parietal pathways. Mult. Scler. J. 15, 337–344. doi: 10.1177/1352458508098373

Simionia, S., Ruffieuxb, C., Bruggimanna, L., Annonia, J.-M., and Schluepa, M. (2007). Cognition, mood and fatigue in patients in the early stage of multiple sclerosis. Swiss Med. Wkly. 137, 496–501.

Smith, S. M., Vidaurre, D., Beckmann, C. F., Glasser, M. F., Jenkinson, M., Miller, K. L., et al. (2013). Functional connectomics from resting-state fMRI. Trends Cogn. Sci. 17, 666–682. doi: 10.1016/j.tics.2013.09.016

Stefancin, P., Govindarajan, S. T., Krupp, L., Charvet, L., and Duong, T. Q. (2019). Resting-state functional connectivity networks associated with fatigue in multiple sclerosis with early age onset. Mult. Scler. Relat. Disord. 31, 101–105. doi: 10.1016/j.msard.2019.03.020

Thirion, B., Varoquaux, G., Dohmatob, E., and Poline, J. B. (2014). Which fMRI clustering gives good brain parcellations? Front. Neurosci. 8:167. doi: 10.3389/fnins.2014.00167

Tommasin, S., De Giglio, L., Ruggieri, S., Petsas, N., Giannì, C., Pozzilli, C., et al. (2020). Multi-scale resting state functional reorganization in response to multiple sclerosis damage. Neuroradiology 62, 693–704. doi: 10.1007/s00234-020-02393-0

Tona, F., Petsas, N., Sbardella, E., Prosperini, L., Carmellini, M., Pozzilli, C., et al. (2014). Multiple sclerosis: altered thalamic resting-state functional connectivity and its effect on cognitive function. Radiology 271, 814–821. doi: 10.1148/radiol.14131688

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15, 273–289.

van den Heuvel, M. P., de Lange, S. C., Zalesky, A., Seguin, C., Yeo, B. T., and Schmidt, R. (2017). Proportional thresholding in resting-state fMRI functional connectivity networks and consequences for patient-control connectome studies: issues and recommendations. Neuroimage 152, 437–449.

Vlassenko, A. G., Vaishnavi, S. N., Couture, L., Sacco, D., Shannon, B. J., Mach, R. H., et al. (2010). Spatial correlation between brain aerobic glycolysis and amyloid-β (Aβ) deposition. Proc. Natl. Acad. Sci. 107, 17763–17767. doi: 10.1073/pnas.1010461107

Wang, L., Kong, Q., Li, K., Su, Y., Zeng, Y., Zhang, Q., et al. (2016). Frequency-dependent changes in amplitude of low-frequency oscillations in depression: a resting-state fMRI study. Neurosci. Lett. 614, 105–111. doi: 10.1016/j.neulet.2016.01.012

Wilting, J., Rolfsnes, H. O., Zimmermann, H., Behrens, M., Fleischer, V., Zipp, F., et al. (2015). Structural correlates for fatigue in early relapsing remitting multiple sclerosis. Eur. Radiol. 26, 515–523. doi: 10.1007/s00330-015-3857-2

Yan, C. G., Cheung, B., Kelly, C., Colcombe, S., Craddock, R. C., Di Martino, A., et al. (2013). A comprehensive assessment of regional variation in the impact of head micromovements on functional connectomics. Neuroimage 76, 183–201. doi: 10.1016/j.neuroimage.2013.03.004

Yan, C. G., Wang, X. D., Zuo, X. N., and Zang, Y. F. (2016). DPABI: data processing & analysis for (resting-state) brain imaging. Neuroinformatics 14, 339–351. doi: 10.1007/s12021-016-9299-4

Yilmazer, C., Lamers, I., Solaro, C., and Feys, P. (2020). Clinical perspective on pain in multiple sclerosis. Mult. Scler. J. 28, 502–511. doi: 10.1177/1352458520952015

Young, C. B., Raz, G., Everaerd, D., Beckmann, C. F., Tendolkar, I., Hendler, T., et al. (2017). Dynamic shifts in large-scale brain network balance as a function of arousal. J. Neurosci. 37, 281–290. doi: 10.1523/JNEUROSCI.1759-16.2016

Zhou, F., Zhuang, Y., Gong, H., Wang, B., Wang, X., Chen, Q., et al. (2014). Altered inter-subregion connectivity of the default mode network in relapsing remitting multiple sclerosis: a functional and structural connectivity study. PLoS One 9:e101198. doi: 10.1371/journal.pone.0101198

Zhou, F., Zhuang, Y., Gong, H., Zhan, J., Grossman, M., and Wang, Z. (2016). Resting state brain entropy alterations in relapsing remitting multiple sclerosis. PLoS One 11:e0146080. doi: 10.1371/journal.pone.0146080

Zhou, Y., Milham, M., Zuo, X.-N., Kelly, C., Jaggi, H., Herbert, J., et al. (2013). Functional homotopic changes in multiple sclerosis with resting-state functional MR imaging. Am. J. Neuroradiol. 34, 1180–1187. doi: 10.3174/ajnr.a3386

Zou, Q. H., Zhu, C. Z., Yang, Y., Zuo, X. N., Long, X. Y., Cao, Q. J., et al. (2008). An improved approach to detection of amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: fractional ALFF. J. Neurosci. Methods 172, 137–141. doi: 10.1016/j.jneumeth.2008.04.012


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

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

Copyright © 2022 Sobczak, Bohaterewicz, Ceglarek, Zyrkowska, Fafrowicz, Slowik, Wnuk, Marona, Nowak, Zur-Wyrozumska and Marek. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnhum-16-852981-t001.jpg
Cluster 1 Cluster 2 Test result P

Gender M:20 F:33 M:17 F:31 ¥2=(1,n=101)=0.058 0.809
E8S M=2418D=0.74 M=4.648D=0.77 t(o,09) = 14.79 <0.001
Age M =35.06 SD =7.87 M =38.46 SD = 7.91 to,09) =2.16 0.033
EDSS M=1158D0=0.79 M=1.548SD =1.06 t(2,09) = 2.083 0.04

Years since the onset of first symptoms M=8.06SD=4.73 M=9.81SD=4.62 t(o,09) = 1.882 0.063

Years since the start of treatment M=5.43SD=23.23 M=6.98SD=3.5 t(o,09) = 2.308 0.023






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Brain Under Fatigue – Can Perceived Fatigability in Multiple Sclerosis Be Seen on the Level of Functional Brain Network Architecture?



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Basic Information and Short Medical Interview



		Fatigue Severity Scale Assessment



		Expanded Disability Status Scale



		MRI Acquisition



		Imaging Data Preprocessing



		K-Means Clustering



		Analyzes Rationale



		Functional Connectivity Analysis



		Amplitude of Low-Frequency Fluctuation and Fractional Amplitude of Low-Frequency Fluctuations Analysis



		Graphs Metrics







		RESULTS



		DISCUSSION



		Limitations







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Brain Under Fatigue — Can
Perceived Fatigability in Multiple
Sclerosis Be Seen on the Level

of Functional Brain Network
Architecture ?





OPS/images/fnhum-16-852981-g001.jpg









OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience





OPS/images/fnhum-16-852981-g002.jpg
_ _ _ _ _ _ _
= @ B N 6 &
o o o o o o o

}JOMISN 2Uadl|es Jolualsod ul D4 ueap

Cluster number





