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Editorial on the Research Topic
 Fatigue: physiology and pathology





Introduction

Most of us perceive a rich amount of mind states throughout our lives. A qualia could be a derivate of an amalgamation of multiple qualities at a given moment. The severity of fatigue is like a wool coat that is worn by the mind. When the severity of fatigue is low, most healthy people are unaware of its presence. However, when fatigue severity increases, the wool coat gets wet and its presence becomes more and more unpleasant and overwhelming. In pathological conditions, the heaviness of the coat of the fatigue can significantly limit a patient's functionality.

A clear distinction between mind and body appears to be abandoned by the neuroscience paradigm of today at the expense of the underlying interconnection between those two dimensions (Glannon, 2020). Nevertheless, even with the clear advancement of nervous system imaging tools in recent decades, there are potent barriers to translating neural system activity to mental states and experiences, including fatigue (Gonzalez-Castillo et al., 2021). We hope that the current Research Topic provided a closer inspection of one of the fabrics making up the mind.



Fatigue physiology: prevalence, assessment, stigma

In the review on global fatigue prevalence in the general population included in the Research Topic, ninety-one studies involving 623,624 participants were taken into account (Yoon et al.). Authors observed that 6% of minors and 15% of adults worldwide report fatigue, with a tendency to higher rates in women vs. in men (Yoon et al.). Ten percent of adults and one-and-a-half percent of minors experience chronic fatigue. In addition to having a frequency that is greater in women than in men, medically unexplained exhaustion is also 2.7 times more common than explained fatigue (Yoon et al.).

von dem Knesebeck and Barbek reported data gathered from one thousand two hundred and nine responders regarding public stigma toward individuals with fatigue. Results showed that a significant amount of responders are prone to apply stereotypical labels to people with fatigue, such as being “hypersensitive” or characterized by “weak will” (von dem Knesebeck and Barbek).

Modern brain imaging techniques offer an opportunity to gather huge amounts of data. It seems that neural correlates of fatigue are highly complex (Sun et al., 2014). Therefore, one can facilitate the process of finding patterns in data by applying mathematical models. Yuan et al. applied a variety of methods including the attention mechanism and the gated recurrent unit for fatigue detection using electroencephalography (EEG).



Fatigue pathology: MS, ME/CFS, long COVID

It should be noted that in some circumstances, acute fatigue seems to be a physiological response to a higher workload. In healthy people, fatigue can be alleviated by rest in a rather short matter of time. However, in patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS), an increase in symptom severity can be caused by relatively low intensity physical, emotional, or psychological stressors. Post-exertional malaise (PEM) is a crucial source of suffering in the majority of ME/CFS patients. PEM is comprehensively described in the paper by Vøllestad and Mengshoel.

Core symptoms of ME/CFS also often occur in long COVID (otherwise known as post-acute sequelae of COVID-19) patients, and may include fatigue, pain, post-exertional malaise, breathing difficulties, and cognitive dysfunction (Davis et al., 2021; Komaroff and Bateman, 2021). In the current main paradigm of science, it is assumed that symptoms perceived by patients are output products of the nervous system. However, there is still much to explore and the study of Thapaliya et al. seems to be a very important step in this direction. “Pain” and “breathing difficulty” perceived by patients were related to multiple brain regions, including pons, midbrain, and whole brainstem volumes (Thapaliya et al.).

The last decades of research in human neuroscience have produced an appreciation of bidirectional cooperation between the nervous system and its effectors. In this line, Day et al. have provided a study on the relationship between changes in the cardiovascular system response to changing position from prone to supine with cognitive dysfunction in patients suffering from ME/CFS and long COVID.

Fatigue is a non-specific symptom, occurring in multiple chronic disorders. In addition, to the description of fatigue in Multiple Sclerosis (MS), Pinarello et al. described modes of treatment of MS both pharmacological and non-pharmacological including telemedicine approach.



Fatigue management: breathing exercises and integrative care

In skeletal muscle physiology, peripheral fatigue refers to a group of changes occurring in response to prolonged muscle activity, while central fatigue is the inability of the nervous system to produce and transmit the signal to contract to the effectors (Dotan et al., 2021). This distinction is somewhat controversial, as there seems to be no clear barrier between “peripheral” vs. “central” (Dotan et al., 2021). Nevertheless, in keeping with this distinction, Amiri and Zemková suggested study protocol for the application of a breathing exercise program in decreasing fatigue of postural skeletal muscles.

By taking a whole picture of all manuscripts published on the above Research Topic, one can appreciate the multidimensionality of research on fatigue. Because of the innate complexity of physiology and pathology in various conditions, and interaction with the ambient world, it is worth looking at the current medical system in Western countries from various perspectives. A piece of this approach has been implemented in the paper by Araja et al..

In conclusion, the Research Topic includes several important scientific contributions to the field of fatigue physiology and pathology. This includes work addressing the prevalence, assessment, stigma, and fatigue pathology in patients with MS, ME/CFS, and long COVID, as well as reports on fatigue management. Although the field of fatigue physiology and pathology is a growing field, many research gaps remain. Therefore, the guest editors call for more cutting-edge research to advance this field of research, especially to improve care for millions of people suffering from severely debilitating ME/CFS.
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Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and long COVID patients have overlapping neurological, autonomic, pain, and post-exertional symptoms. We compared volumes of brainstem regions for 10 ME/CFS (CCC or ICC criteria), 8 long COVID (WHO Delphi consensus), and 10 healthy control (HC) subjects on 3D, T1-weighted MRI images acquired using sub-millimeter isotropic resolution using an ultra-high field strength of 7 Tesla. Group comparisons with HC detected significantly larger volumes in ME/CFS for pons (p = 0.004) and whole brainstem (p = 0.01), and in long COVID for pons (p = 0.003), superior cerebellar peduncle (p = 0.009), and whole brainstem (p = 0.005). No significant differences were found between ME/CFS and long COVID volumes. In ME/CFS, we detected positive correlations between the pons and whole brainstem volumes with “pain” and negative correlations between the midbrain and whole brainstem volumes with “breathing difficulty.” In long COVID patients a strong negative relationship was detected between midbrain volume and “breathing difficulty.” Our study demonstrated an abnormal brainstem volume in both ME/CFS and long COVID consistent with the overlapping symptoms.
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Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex illness that affects multiple body systems and is characterized by a range of symptoms including post-exertional neuroimmune exhaustion (PENE), fatigue, pain, breathing difficulties, and difficulties with concentration and cognitive function (Baker and Shaw, 2007; Carruthers et al., 2011; Stussman et al., 2020). ME/CFS affects 17 to 24 million people worldwide (Lim et al., 2020). There is an absence of a laboratory diagnostic test for ME/CFS, instead diagnosis follows clinical case criteria and exclusion of other illnesses that may account for the symptoms. Over three decades, up to 30 case definitions have been published; however, the three more commonly recognized definitions include Fukuda criteria (Fukuda, 1994), Canadian Consensus Criteria (CCC) (Carruthers et al., 2003), and International Consensus Criteria (ICC) (Carruthers et al., 2011).

Recently, coronavirus 2019 (COVID-19) caused by the novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has infected more than 600 million and caused the deaths of over six million people worldwide (World Health Organization [WHO], 2022). Studies show that up to 43% of people infected by SARS-CoV-2 do not recover fully and develop post-COVID conditions, also known as long COVID (Davis et al., 2021; Chen et al., 2022). Long COVID is defined by the World Health Organisation (WHO) as the continuation or development of new symptoms 3 months after the initial SARS-COV-2 infection, with these symptoms lasting for at least 2 months with no other explanation (World Health Organization [WHO], 2021). The most frequently reported symptoms in the long COVID patients are fatigue, pain, post-exertional malaise, breathing difficulties, and cognitive dysfunction (“brain fog”) (Davis et al., 2021; Komaroff and Bateman, 2021; Mantovani et al., 2021; Nalbandian et al., 2021) that are all common core symptoms of ME/CFS (Davis et al., 2021). Recent studies showed that 13–58% of long COVID patients met ME/CFS criteria (González-Hermosillo et al., 2021; Jason and Islam, 2022; Twomey et al., 2022) and symptoms like fatigue and disability score, autonomic dysfunction, and hand grip strength are similar in ME/CFS and long COVID patients (Kedor et al., 2022). A systematic review of long COVID and ME/CFS has shown that there is a high degree of similarity of fatigue, reduced daily activity, and post-exertional malaise between long COVID and ME/CFS (Wong and Weitzer, 2021). Furthermore, 36.4% of hospitalized COVID-19 patients presented neurological symptoms such as impaired consciousness, dizziness, and headache (Mao et al., 2020). This has stimulated researchers to investigate the effect of SARS-CoV-2 on the central nervous system in long COVID patients.

Magnetic resonance imaging (MRI) is non-invasive, can detect subtle changes in brain structure, and has been used to study brain dysfunction in ME/CFS and COVID patients. Recently, an ME/CFS study demonstrated increased hippocampal subfield volumes (Thapaliya et al., 2022b) and reduced caudal middle frontal volume and precuneus thickness (Thapaliya et al., 2022a). Global differences in gray and white matter volume were observed in ME/CFS (de Lange et al., 2005), although not in all studies (Barnden et al., 2011). Voxel-based morphometry (VBM) reported a decrease in the pons and midbrain volume and an increase in the amygdala and insula volumes in ME/CFS patients (Finkelmeyer et al., 2018). An MRI study in COVID-19 patients showed reduced gray matter thickness in the para-hippocampal gyrus, anterior cingulate cortex, and temporal lobe (Douaud et al., 2022). COVID-19 patients also have higher gray matter volume in the left Rolandic operculum, bilateral olfactory cortices, bilateral insulas, bilateral hippocampi, and right cingulate gyrus (Lu et al., 2020) and lower mean diffusivity in the left insula, cingulate gyri, right precuneus, right thalamus, and superior frontal-occipital fasciculus (Lu et al., 2020). MRI scans before and after COVID-19 infection showed an increased volume in the putamen, temporal cortex, fusiform and para-hippocampal gyrus (Salomon et al., 2021).

Recent studies have shown that COVID-19 survivors will develop symptoms of long COVID in all cohorts, even in young adults, students, children (Greenhalgh et al., 2020; Yelin et al., 2021; Yong, 2021a). Progression from COVID infection into long COVID may result from tissue damage, viral persistence, and/or chronic inflammation that remains unresolved after acute COVID-19 (Baig, 2020; Greenhalgh et al., 2020; Yelin et al., 2021; Yong, 2021a). Another potential cause could be persistent brainstem dysfunction (Yong, 2021b). Autopsy studies in the brainstem of deceased COVID-19 patients have shown shrunken neurons and inflammation (Al-Dalahmah et al., 2020), hemorrhages (Bradley et al., 2020), positive SARS-CoV-2 RNA (Deigendesch et al., 2020; Fabbri et al., 2021), and perivascular and interstitial encephalitis and neurodegeneration (von Weyhern et al., 2020). Notably long COVID symptoms overlap with ME/CFS in which brainstem dysfunction has been reported. The symptom severity of ME/CFS was associated with brainstem dysfunction (Barnden et al., 2016). MRI studies showed lower mean diffusivity (Thapaliya et al., 2021), higher signal intensity (Barnden et al., 2018; Thapaliya et al., 2020), and impaired brainstem connectivity (Barnden et al., 2019) in the brainstem regions of ME/CFS patients. The brainstem regulates respiratory, cardiovascular, gastrointestinal, and neurological processes and its impairment can explain the overlapping symptoms of ME/CFS and long COVID. Brainstem invasion by viruses (Deigendesch et al., 2020; Fabbri et al., 2021), pathological immune, or vascular activation (Al-Dalahmah et al., 2020; Fabbri et al., 2021) might lead to brainstem dysfunction in ME/CFS and long COVID.

Despite several studies showing a similar symptom presentation between ME/CFS and long COVID, structural change in the brainstem using MRI is yet to be investigated. The specific aims of this pilot study were to (a) quantify volumes of brainstem subregions and the whole brainstem in ME/CFS and long COVID and compare them to healthy controls (HC), and (b) explore the relationship between brainstem volumes and clinical symptom severity in ME/CFS and long COVID patients.



Materials and methods


Participant recruitment

The study was approved by the Griffith University Human Research Ethics Committee (ID: 2022/666) and written informed consent was obtained from all individuals. This cross-sectional investigation was conducted at the National Centre for Neuroimmunology and Emerging Diseases (NCNED) on the Gold Coast, Queensland, Australia. Eligible participants were contacted using the NCNED research registry database. ME/CFS patients were considered eligible if they fulfilled the CCC and/or ICC definitions for diagnosis, had received a formal diagnosis of ME/CFS by a physician, and did not report a history of COVID-19 infection. Participants with long COVID reported symptoms persisting for at least 3 months following COVID-19 infection according to the WHO working case definition. HC reported no diagnosis of a chronic health condition or evidence of underlying illness and had no current or prior COVID-19 infection. Participants were aged between 18- and 65-years. Medical history was requested to identify comorbid manifestations or exclusionary diagnoses including mental illness, malignancies, autoimmune, neurological, or cardiovascular diseases. Female participants were excluded if they were pregnant and/or breastfeeding. Finally, 10 ME/CFS patients fulfilling the CCC and ICC criteria (Carruthers et al., 2011), eight long COVID as defined by the WHO clinical case definition (World Health Organization [WHO], 2021) and 10 age-matched HC subjects were included in this study (see Table 1 for demographic information).


TABLE 1    Demographic and clinical characteristics of patients with ME/CFS, long COVID, and HC.
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Symptom presentation and clinical measures

Symptom presentation was collected using the NCNED Research Registry questionnaire developed by NCNED with the Centres for Disease Control and Prevention (CDC) Symptom Inventory Questionnaire distributed online through LimeSurvey. The presence and severity of each symptom was assessed on a five-point scale: (1) very mild; (2) mild; (3) moderate; (4) severe; and (5) very severe. Validated patient-reported outcome measures were used to determine participant quality of life (QoL) and functional capacity. The 36-item short form health survey (SF-36) (Alonso et al., 1995) has been frequently employed in previous observational studies to assess QoL among people with ME/CFS (Eaton-Fitch et al., 2020), as well as, more recently, among people with the long COVID condition (O’Kelly et al., 2022). Eight QoL domains were assessed including physical functioning, role limitations due to physical health problems, bodily pain, general health perceptions, vitality, social functioning, role limitations due to personal or emotional health, and emotional wellbeing/mental health. Survey item scores were assigned a value between 0 and 100, before scores were averaged for each domain.

For subsequent correlation analysis, the severity measure of “pain” was extracted from SF36v2, while breathing scores were obtained via the NCNED Research Registry questionnaire. Symptom severity of 10 ME/CFS and eight long COVID patients have been provided as a Supplementary material.



MRI scans and data processing

Magnetic resonance imaging was performed on a 7 T whole-body MRI research scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil (Nova Medical Wilmington, Wilmington, NC, USA). We acquired T1-weighted data using a Magnetization prepared 2 rapid acquisition gradient echo sequence (MP2RAGE) as in Thapaliya et al. (2019). In brief, MP2RAGE data were acquired sagittally using the following parameters: repetition time (TR) = 4,300 ms, echo time (TE) = 2.45 ms, first inversion time (TI1) = 840 ms, TI2 = 2,370 ms, first flip angle (FA1) = 5°, FA2 = 6° and resolution = 0.75 mm3 with matrix size = 256 × 300 × 320.

MP2RAGE data were processed similarly to our previous publications (Thapaliya et al., 2022a,b). In brief, MP2RAGE images were anatomically segmented using FreeSurfer version 7.1.1 (Fischl, 2012) 1using the default FreeSurfer command “recon-all” on a Macintosh computer (Operating system: Catalina, RAM = 36GB, and core: 8). The “recon-all” processing includes motion correction, non-linear spatial normalization to Talairach space, intensity normalization, removal of non-brain tissue, cortical percolation, sub-cortical segmentation, gray and white matter boundary tessellation, automated topology correction, and surface deformation. Detailed information about the pipeline can be found at.2

Brainstem subregions were segmented using the FreeSurfer 7.1.1 brainstem module (Iglesias et al., 2015) as shown in Figure 1. Using this module, the brainstem was segmented into the midbrain, pons, superior cerebellar peduncle (SCP), and medulla oblongata. Brainstem subregions for all participants were visually checked for distortion-free segmentation.


[image: image]

FIGURE 1
Demonstrates brainstem subregions of a healthy participant. Subregions are color coded.




Statistical analysis

Multivariate general linear model (GLM) statistical analysis was performed to test brainstem subregions and whole brainstem volume differences between ME/CFS, long COVID patients, and HC using SPSS version 28. After confirmation of homogeneity using Levene’s test, the multivariate GLM was used to test for three group differences. Correction for multiple group comparisons was implemented using the Bonferroni method. Then Spearman correlations were performed between brainstem subregion and whole brainstem volumes and clinical severity measures for ME/CFS and long COVID patients. The normality condition for data was checked using the Shapiro-Wilk method available in SPSS before the correlation. Age and sex were included as covariates for group comparisons and correlation analysis.




Results


Group comparison: ME/CFS vs. HC

The brainstem subregion volumes were larger in ME/CFS patients compared with HC (see Table 2). After adjusting for multiple comparisons, volumes remained significantly larger in the pons (p = 0.004) and whole brainstem (p = 0.01) (see Figure 2 and Table 2).


TABLE 2    For ME/CFS, and HC, the mean and standard deviation of volumes for the brainstem subfields.
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FIGURE 2
Shows the estimated mean volumes and their standard deviations (bars) for the pons and whole brainstem regions (left) and SCP (right) across ME/CFS (red), long COVID (green), and HC (blue) participants. ME/CFS and long COVID mean volumes were both significantly larger than HC (p < 0.05) in the pons and whole brainstem region. SCP volumes were only significantly larger than HC in long COVID. Error bars indicate one standard deviation. SCP, superior cerebellar peduncle.




Group comparison: Long COVID vs. HC

In long COVID patients, after adjusting for multiple comparisons, we observed significantly larger volumes in the pons (p = 0.003), SCP (p = 0.009), and whole brainstem (p = 0.005) (see Figure 2 and Table 3). The medulla (p = 0.042) and midbrain (p = 0.026) volumes were not significantly larger compared with HC (see Table 3) after adjusting for multiple comparisons.


TABLE 3    Volume means and standard deviations for long COVID and HC for the brainstem subregions and the whole brainstem.

[image: Table 3]



Group comparison: ME/CFS vs. long COVID

Although brainstem subregion volumes were smaller in ME/CFS patients compared with long COVID (see Table 4), these differences were not statistically significant (p < 0.05).


TABLE 4    Volume means and standard deviations volumes for ME/CFS and long COVID for the brainstem subfields and whole brainstem and their statistical inference.
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Brainstem subregion volume correlations with pain and breathing

We demonstrated that subregion and whole brainstem volumes in ME/CFS and long COVID patients are significantly associated with clinical measures of “pain,” and “breathing difficulty” (see Figure 3 and Table 5). We observed a significantly strong positive relationship between “pain” and volume of pons (r = 0.83, p = 0.011) and whole brainstem (r = 0.85, p = 0.008) (see Table 5). There was also a strong negative relationship between “breathing difficulty” and midbrain (r = −0.78, p = 0.023) and whole brainstem (r = −0.78, p = 0.022) volumes in ME/CFS patients (see Figure 3). Furthermore, we found a very strong negative relationship between “breathing difficulty” and midbrain volume (r = −0.91, p = 0.03) in long COVID patients (see Figure 3 and Table 5).


[image: image]

FIGURE 3
Shows the strong correlation between brainstem region volumes and clinical measures for ME/CFS and long COVID patients. We observed statistically significant relationship between the pons, brainstem volumes and “pain” score in ME/CFS patients (A,B). We also found statistically significant relationship between midbrain volume and “Breathing difficulty” score in ME/CFS (C) and long COVID (D) patients. Y-axis is the volume and x-axis are the clinical scores.



TABLE 5    Correlation between brainstem region volumes and clinical measures in ME/CFS and long COVID.
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Discussion

This study reports volumetric differences in the whole brainstem and four subregions in ME/CFS, long COVID, and HC. We showed that pons, SCP, and whole brainstem volumes were significantly larger in long COVID patients compared with HC. Similarly, pons and whole brainstem volumes were significantly larger in ME/CFS patients compared with HC. Interestingly, no brainstem subregion volumes were significantly different between ME/CFS and long COVID patients between ME/CFS and long COVID patients. To the authors’ knowledge this is the first investigation to demonstrate the overlap between ME/CFS and long COVID metrics using MRI. We also demonstrated that “pain” and “breathing difficulty” are strongly associated with brainstem volumes in ME/CFS and long COVID.


Group comparisons

Our study found significantly larger volumes for whole brainstem, pons, and SCP in ME/CFS and long COVID patients. The brainstem contains multiple small and dispersed neuron structures in the midbrain, pons, and medulla (Naidich et al., 2009) which together they constitute the reticular activation system (RAS). RAS nuclei connect with each other and to the body and subcortical and cortical structures (Guyton and Hall, 2011). RAS neurons influence cortical function via two different pathways. Firstly, RAS neuron projections deliver neurotransmitters directly or indirectly (e.g., via hypothalamus, basal forebrain) to the cortex (Saper and Fuller, 2017), and secondly RAS neurons generate oscillatory electrical signals that facilitate the coherence of cortical oscillations necessary for attention, sensory perception, problem solving, and memory (Garcia-Rill et al., 2013). Excitatory midbrain nuclei and inhibitory medulla nuclei constitute a circuit that controls both cortical arousal levels (cognition, wake/sleep, pain, respiration) and gait selection (e.g., walking or running) in response to inputs from multiple brain centers (Stornetta, 2008; Nicholls and Paton, 2009). Therefore, structural changes in the brainstem of ME/CFS and long COVID patients could result in severe and varied deficits in brain function.



ME/CFS vs. HC group comparison

We observed a larger volume for the whole brainstem and pons in ME/CFS patients compared with HC. Previous studies in ME/CFS patients have reported lower mean diffusivity in the pons (Thapaliya et al., 2021), and higher T1/T2 signal intensity in the medial lemniscus and cortical spinal tract (Thapaliya et al., 2020) that is sensitive to the level of myelination or iron. A functional MRI study reported impaired connectivity within the brainstem and to the hippocampus and thalamus of ME/CFS patients (Barnden et al., 2019). In ME/CFS patients, decreased myelin-sensitive T1-weighted spin echo signals were detected in the brainstem (Barnden et al., 2018) and the brainstem perfusion ratios were reduced (Costa et al., 1995). The brainstem contains the nuclei of the reticular activation system which control arousal, the sleep/wake cycle, gait, and memory via cortical connections and cardio-respiratory function (Costa et al., 1995; Garcia-Rill et al., 2013, 2016). Therefore, brainstem dysfunction is consistent with the symptoms experienced by ME/CFS patients including cognitive dysfunction, sleep disturbance, orthostatic intolerance, and dyspnea.



Long COVID vs. HC group comparison

We also found larger volumes of the whole brainstem, pons, and SCP in long COVID patients compared with HC. Such volume increases may reflect edema of inflammatory responses, neurodegeneration, and/or viral invasion (Yong, 2021b). Autopsy studies of the brain have detected SARS-CoV-2 RNA and proteins in the brainstem of COVID-19 patients (Deigendesch et al., 2020; Matschke et al., 2020). Higher concentrations of SARS-CoV-2 are consistent with the high expression of Angiotensin-converting enzyme 2 which is the receptor SARS-CoV-2 uses to infect host cells in the brainstem (Letko et al., 2020; Zhou et al., 2020). Other autopsy studies showed inflammation, neuronal cell loss, and axonal degeneration in the brainstem of COVID-19 patients (Matschke et al., 2020; von Weyhern et al., 2020). Activated microglia and astrocytes, leukocyte infiltration, and micro-thrombosis have also been reported in the brainstem of COVID-19 patients (Deigendesch et al., 2020; Schurink et al., 2020; Meinhardt et al., 2021; Mukerji and Solomon, 2021). A microscopy study showed more tissue damage in the pons in COVID-19 patients than in controls (Bulfamante et al., 2021), and MRI also showed severe damage to the brainstem in two COVID-19 patients (Manganelli et al., 2020). Abnormal diffusion (lower fractional anisotropy) was reported in the SCP for multiple sclerosis patients with cerebellar symptoms and this correlated with cognitive performance (Nicoletti et al., 2017). The SCP has large sensory and motor nerve tracts that connect the cortex and pons and facilitate refined motor movements, learning of new motor skills, and balance (Khonsary, 2022). However, the function of this region needs to be investigated in different diseases. Damage to the brainstem, in particular the respiratory neurons of the dorsal medulla, could cause respiratory failure which is a key symptom of COVID-19 patients (Boutou et al., 2021a,b; Huang et al., 2021). Brainstem dysfunction has been demonstrated in chronic migraine headache (Aurora and Brin, 2017; Chong et al., 2017) which also occurs in long COVID (Membrilla et al., 2021). Therefore, structural changes in the brainstem are associated with the heterogeneous changes in brain function that correspond to the key symptoms of long COVID.



ME/CFS vs. long COVID group comparison

We did not find significant differences in the brainstem volumes of ME/CFS and long COVID patients which is consistent with the overlapping presentation of both cohorts (Sukocheva et al., 2021; Marshall-Gradisnik and Eaton-Fitch, 2022). Cardiovascular and respiratory symptoms of ME/CFS and long COVID are controlled by neuronal circuits between the hypothalamus and the brainstem (Benarroch, 2018). The symptom overlap between ME/CFS and long COVID patients is consistent with by our current findings of similar abnormalities in the brainstem. Further, a recent investigation demonstrated the biological overlap of ME/CFS and long COVID through transient receptor potential melastatin 3 (TRPM3) ion channel dysfunction (Sasso et al., 2022). TRPM3 ion channel dysfunction in the pathology of both ME/CFS and long COVID suggests further research is required to determine whether the illnesses are separate. TRPM3 channels are widely expressed through multiple cell and tissue types and are highly expressed in the brainstem, thus may account for a common pathology in ME/CFS and long COVID (Held and Tóth, 2021; Ragozzino et al., 2021).



Correlations with clinical measures

We detected significant correlations between clinical measures (pain and breathing difficulty) and volumes of the whole brainstem and its subregions in ME/CFS and long COVID patients. Pain is regarded as one of the major symptoms of ME/CFS (Bourke et al., 2014). Our study shows a significantly strong positive correlation between “pain” and pons and whole brainstem volumes in ME/CFS patients (see Figure 3 and Table 5) indicating that larger brainstem volumes are associated with higher pain severity. The brainstem regions have several nuclei that receive ascending and descending signal pathways that inhibit or facilitate pain by upward or downward regulation of neurotransmission (Mills et al., 2021). Several brainstem nuclei including periaqueductal gray in the midbrain, dorsal and median raphe nuclei, parabrachial nucleus, and locus coeruleus in the pons region are involved in pain processing (Napadow et al., 2019). Functional connectivity differences were observed between brainstem nuclei in fibromyalgia patients (Ioachim et al., 2022). Recently, a study showed that the hippocampal subfield volumes were associated with pain levels in ME/CFS patients (Thapaliya et al., 2022b).

Breathing difficulty is another common symptom experienced by ME/CFS and long COVID patients (Ravindran et al., 2013), (Mancini et al., 2021). It has been reported that 30–50% of COVID-19 patients experience breathing difficulty (Mandal et al., 2021; Shah et al., 2021). We showed that smaller midbrain and whole brainstem volumes were associated with more severe “breathing difficulty” in both ME/CFS and long COVID patients (see Figure 3 and Table 5). Breathing difficulties in ME/CFS and long COVID are associated with brainstem volume changes that may reflect changes to the respiratory and cardiovascular neuronal circuits in the brainstem (Benarroch, 2018). The brainstem has a ventral respiratory column that controls rhythmic breathing (Smith et al., 1991; Moreira et al., 2011), a pontine respiratory group that controls the transition between expiration and inspiration (Stornetta, 2008), and the caudal ventrolateral medulla that controls inspiration (Nicholls and Paton, 2009). Therefore, brainstem dysfunction may contribute to the respiratory-related symptoms in ME/CFS and long COVID.



Limitations

This study does have some limitations. This is a pilot study with a relatively small sample size that will affect the power of the study to detect brainstem volume differences and their association with clinical measures. Another limitation is that pain and breathing scores were obtained using self-reported questionnaires, which by their subjective nature may limit the interpretation of our findings. This study was a cross-sectional study; therefore, further investigations with a larger cohort and longitudinal studies are recommended to test progressive changes in the brainstem volume in ME/CFS and long COVID patients.




Conclusion

In this pilot study, volumetric differences in brainstem regions were detected in ME/CFS and long COVID patients relative to HC. Clinical measures for “pain” and “breathing difficulty” showed a strong relationship with pons, midbrain, and whole brainstem volumes in ME/CFS and long COVID patients. Interestingly, volumes of the whole brainstem and its subregions were not significantly different between ME/CFS and long COVID patients. This is consistent with ME/CFS and long COVID having similar brainstem abnormalities which will contribute to their neurological and cardio-respiratory symptoms.
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Introduction: Fatigue is dangerous for certain jobs requiring continuous concentration. When faced with new datasets, the existing fatigue detection model needs a large amount of electroencephalogram (EEG) data for training, which is resource-consuming and impractical. Although the cross-dataset fatigue detection model does not need to be retrained, no one has studied this problem previously. Therefore, this study will focus on the design of the cross-dataset fatigue detection model.
Methods: This study proposes a regression method for EEG-based cross-dataset fatigue detection. This method is similar to self-supervised learning and can be divided into two steps: pre-training and the domain-specific adaptive step. To extract specific features for different datasets, a pretext task is proposed to distinguish data on different datasets in the pre-training step. Then, in the domain-specific adaptation stage, these specific features are projected into a shared subspace. Moreover, the maximum mean discrepancy (MMD) is exploited to continuously narrow the differences in the subspace so that an inherent connection can be built between datasets. In addition, the attention mechanism is introduced to extract continuous information on spatial features, and the gated recurrent unit (GRU) is used to capture time series information.
Results: The accuracy and root mean square error (RMSE) achieved by the proposed method are 59.10% and 0.27, respectively, which significantly outperforms state-of-the-art domain adaptation methods.
Discussion: In addition, this study discusses the effect of labeled samples. When the number of labeled samples is 10% of the total number, the accuracy of the proposed model can reach 66.21%. This study fills a vacancy in the field of fatigue detection. In addition, the EEG-based cross-dataset fatigue detection method can be used for reference by other EEG-based deep learning research practices.
Keywords: fatigue detection, cross-dataset, EEG, regression method, self-supervised learning
1 INTRODUCTION
Fatigue is one of the major factors leading to human errors, which is accompanied by impaired attentional control, decreased individual alertness, and poor performance in tasks (Liu et al., 2020). These are dangerous for certain jobs requiring continuous concentration, such as pilots, vehicle drivers, and helmsmen (Liu W. et al., 2019). To avoid failures caused by fatigue, researchers are working on ways to detect/monitor fatigue using different types of signals. The first is based on individual behavior, including physiological responses, such as eyelid-related parameters (Hu and Zheng, 2009), facial expressions (Liu Y. et al., 2019), head movement (SMITH et al., 2016), percentage of eye closure (PERCLOS) (Zheng and Lu, 2017), and the performance observed during the execution of specific tasks, such as reaction time (RT) and response accuracy (Huang et al., 2016; Liu et al., 2020; Zeng et al., 2020). The second is based on psychological surveys, such as the Karolinska Sleepiness Scale, Stanford Sleepiness Scale, and Chalder Fatigue Scale (Foong et al., 2019; Qin et al., 2020; Krigolson et al., 2021; Zeng et al., 2021). The third is based on physiological signals, such as electroencephalogram (EEG) (Gao et al., 2019; Peng et al., 2021), electrooculogram (Bulling et al., 2011), electrocardiogram (Murugan et al., 2020), or a combination of signals (Qi et al., 2018; Du et al., 2022). Precisely, EEG measures the potential difference produced from the electrical signals generated by the synaptic excitation of neurons to the scalp, and it can directly reflect the activities of nerve cells in the brain (Kostas et al., 2021; Liqiang et al., 2022). Therefore, it is considered to be the most effective method to detect fatigue.
At present, the fatigue detection method of within-subject and cross-subject has achieved outstanding performance. For the within-subject fatigue recognition, Yang et al. (2021a) proposed a complex network (CN)-based broad learning system (CNBLS) to realize fatigue detection based on EEG. The classification accuracy of CNBLS was 99.58%. Wang H. et al. (2021) introduced a new attention-based multiscale convolutional neural network–dynamical graph convolutional network model for driving fatigue detection. The two-class accuracy was 95.65%. For cross-subject fatigue recognition, Zeng et al. (2020) used the InstanceEasyTL method to detect driver fatigue, and the two-class accuracy was 88.02%. Liu et al. (2020) proposed a transfer learning-based algorithm using maximum independence domain adaption (MIDA), and it achieved an accuracy of 73.01% with all 30 channels for the two-class mental fatigue recognition. Wei et al. (2018) developed a subject-transfer framework for obviating inter- and intra-subject variability in drowsiness detection, and this framework remarkably reduced the required calibration time for a new user. In addition, in the emotion recognition field, Iyer et al. (2023) proposed the ensemble learning-based EEG emotion recognition system, and the ensemble model outperforms the compared methodologies with 97.16% accuracy for EEG-based emotion recognition on the SEED dataset. In the sleep stage classification, Sharma et al. (2021) used a discrete wavelet transform and discrete entropy to analyze EEG signals, studied the wavelet sub-band of EEG sleep records and its performance based on wave dispersion entropy, and finally obtained EEG features suitable for sleep stage classification.
However, when faced with new users under different datasets, the model of within-subject and cross-subject fatigue detection still needs a large amount of EEG data for training. It has poor applicability. The cross-dataset fatigue detection model has a strong practical application value because it does not need to be retrained, and it can directly detect fatigue states of new datasets. In order to get a general cross-dataset fatigue detection model, this study considers different sets in BCIs. In other words, different datasets have different label spaces (He and Wu, 2020). For fatigue detection, this means that the subjects of different datasets perform different fatigue-induced tasks. Different tasks have different feature spaces. Thus, the very effort of selecting different features for different tasks is a critical challenge for cross-dataset fatigue detection. However, the within-subject and cross-subject fatigue detection models are difficult to generalize knowledge to new datasets because they suffer the drawbacks of fully supervised learning and large-scale labeled datasets for training (Ye et al., 2022), and the label work process is prone to human bias and may also result in ambiguous annotations. In particular, each dataset has multiple subjects, so cross-dataset fatigue detection is a multi-source to multi-target domain problem.
Up to now, the methods of fatigue detection are mainly judged from facial expressions, physiological signals, and questionnaire surveys, but it is difficult to have a general fatigue detection model to adapt to various fatigue-induced tasks. To the best of our knowledge, no one has studied this problem previously. However, the idea of a cross-dataset has gained widespread attention in other fields, such as emotion recognition, sleep staging, and personal identification. Ni et al. (2021) used a domain adaptation sparse representation classifier to minimize the data distribution difference between datasets and then classify emotions for EEG collected from different subjects, different periods, and different devices. Eldele et al. (2022) used the adversarial learning framework called ADAST for automatic sleep staging. The framework can tackle the domain shift problem in the unlabeled target domain, which is a limitation to domain adaptation in sleep staging. Kong et al. (2018) proposed a method for cross-dataset personal identification based on a brain network of EEG signals. The method used brain functional networks and linear discriminant analysis (LDA) to classify personal identification. As can be seen from the aforementioned fields, domain adaptation is one of the main methods to solve cross-dataset problems (Chen et al., 2021; Ding et al., 2021). In addition, the method proposed in this study can also be applied to these fields.
In real life, there is a coherent sequence of changes in EEG variables during the transition from normal driving, high mental workload, and eventual mental fatigue and drowsiness, so fatigue detection should be a regression problem. However, current fatigue evaluation methods are mostly classification methods, aiming to divide the brain states into two or more alert and fatigue states (Yang et al., 2021b). This is a simplified version of regression analysis. To develop a model that can adapt to different fatigue-induced tasks, this study focuses on the following four points to carry out the specific content of this study.
(a) A regression method for EEG-based cross-dataset fatigue detection is proposed to detect the fatigue states of the new datasets collected for different fatigue-induced tasks. The method includes two steps: pre-training and the domain-specific adaptive step. The purpose of pre-training is mainly to extract specific features for different datasets. The domain-specific adaptive step is mainly to align specific features extracted from the pre-training step and mine the internal relationship between features. To validate the proposed method, a large number of experiments were conducted to compare the proposed method with state-of-the-art domain adaptation methods.
(b) In the pre-training step, this study designs a pretext task to distinguish data from the source or target domains. In this way, the specific features of different fatigue-induced tasks can be obtained. The pre-training step includes a common feature extractor and a domain discriminator. In this study, we have performed a lot of experiments to verify that the accuracy of pre-training steps is better than that of no pre-training steps, which proves the contribution of pre-training.
(c) In the domain-specific adaptive step, this study proposes an EEG-based domain-adaptive fatigue detection network. In addition, it includes a domain-specific feature extractor, domain distribution alignment network, and regression multilayer perceptron. Maximum mean discrepancy (MMD) is used to optimize the network parameters in the domain-specific adaptive step, which can minimize differences between the source and target domains.
(d) The attention mechanism is introduced to extract continuous information on spatial features, and the gated recurrent unit (GRU) is introduced to capture information on time series. This study also conducts experiments to verify the effectiveness of the attention mechanism and GRU.
The rest of this paper is organized as follows: Section 2 describes the proposed method. Section 3 presents the experiment and results. Section 4 discusses the results, and Section 5 concludes the paper.
2 MATERIALS AND METHODS
2.1 Problem statement
It is difficult to obtain a general model that is suitable for datasets because of different tasks. Therefore, if the model trained by one dataset is applied to another dataset directly, it will lead to performance degradation. When faced with a new dataset, the conventional method needs to undergo the calibration process, that is, to collect lots of new labeled data and train a new model for these data (Wang Y. et al., 2021). This is time-consuming and not economical.
Suppose we have labeled EEG samples from one dataset [image: image], denoted as the multi-source domain [image: image] and unlabeled EEG samples from the another dataset [image: image], denoted as the multi-target domain [image: image], where [image: image], [image: image], [image: image], [image: image], and [image: image] is a one-hot vector, d is the feature dimensionality, C is the fatigue index, and [image: image] and [image: image] are the number of samples in multi-source and multi-target domains, respectively. However, the marginal distributions and conditional distributions of the feature space, and the fatigue index space of both domains are different due to the domain shift: [image: image] and [image: image]. Domain adaptation solves this problem by mapping the multi-source and multi-target domains to a new space [image: image] and then minimizing the distance [image: image] between the multi-source mapping distributions [image: image] and multi-target mapping distributions [image: image].
2.2 Datasets
2.2.1 SEED dataset
The data were collected by Zheng and Lu (2017). A total of 23 subjects participated in the experiments. The experimental data collection scenario was a virtual-reality-based simulated driving scene. A four-lane highway scene is shown on a large LCD screen in front of a real vehicle without the unnecessary engine and other components. The vehicle movements in the software application are controlled by the steering wheel and gas pedal. During the experiments, the subjects were asked to drive the car using the steering wheel and gas pedal, and the scenes were simultaneously updated according to the participants’ operations. The 12-channel EEG signals from the hindbrain (CP1, CPZ, CP2, P1, PZ, P2, PO3, POZ, PO4, O1, OZ, and O2) and 6-channel EEG signals from the temporal lobe (FT7, FT8, T7, T8, TP7, and TP8) were recorded. The author of the dataset used independent component analysis filtering to remove noise, such as the artifact of eye movement, electromyography, and baseline drift. In this study, we filtered the dataset with 1-Hz high-pass and 50-Hz low-pass finite impulse response (FIR) filters. The processed data were finally downsampled to 128 Hz. The vigilance annotation method of the dataset used PERCLOS, which refers to the percentage of eye closure. Specifically, eye movements were simultaneously recorded using SMI ETG eye tracking glasses.
Data labels were defined in a way that classifies EEG data into three fatigue states (awake, fatigue, and drowsy) with two thresholds (0.35 and 0.7) based on the PERCLOS index. In addition, in the following study, this study uses “SEED_0” for awake, “SEED_1” for fatigue, and “SEED_2” for drowsy in the SEED dataset.
2.2.2 Multi-channel dataset
The dataset consists of EEG signals collected by Cao et al. (2019). In the experiment, 27 participants were invited to the experiment. Fatigue and drowsy states were induced by a 90-min sustained-attention night-time driving task in an immersive driving simulator. The participants were tasked to drive and maintain the car in the center of the lane. Lane-departure events were randomly induced, which made the car drift to the left or right from the lane, and participants were asked to move back as quickly as possible by steering the wheel. In addition, their reactions were timed. The vigilance annotation method of the dataset used the RT, which provides a gauge of the subjects’ fatigue level. The preprocessed version of the dataset was used in this study. As described by the authors, the raw EEG signals were filtered by 1-Hz high-pass and 50-Hz low-pass FIR filters. Apparent eye blinks that contaminate the EEG signals were manually removed through visual inspection by the authors of the dataset. Ocular and muscular artifacts were removed by the automatic artifact removal plug-in of EEGLAB. The processed data were finally downsampled to 128 Hz.
The RT is the time difference between the lane-departure event onset and the subject’s response onset. This study calculated all trails’ RT, and the boxplot of these is shown in Figure 1. As can be seen from Figure 1, each person’s RT is different, and it has a long-tail effect. Therefore, the RT [image: image] is transformed into the drowsiness index (DI) (Yang et al., 2021a) by the following Equation 1 in this study. The RT has been proved to have a strong correlation with the drowsiness level, while the DI is positively correlated with the RT. Therefore, the DI can be used to indicate the drowsiness level. The curves before and after the transformation are shown in Figures 2A, B (take s01_051017m.set as an example). As can be seen from Figure 2B, the fatigue curve determined according to the performance observed during the execution of specific tasks fluctuates greatly.
[image: image]
where [image: image] was set to 1.
[image: Figure 1]FIGURE 1 | All trails’ reaction times.
[image: Figure 2]FIGURE 2 | Curves before and after the transformation. (A) RT curve. (B) DI curve.
The transformation can normalize the RT to the interval [0,1] and overcome the long-tail effect. Like the SEED dataset, the data labels are defined in such a way that the EEG data are classified into three fatigue states (awake, fatigue, and drowsy) based on the DI index with two thresholds (0.35 and 0.7). Specifically, in the following study, this study uses “multi-channel_0” for awake, “multi-channel_1” for fatigue, and “multi-channel_2” for drowsy in the multi-channel dataset.
2.2.3 Channel selection
For the EEG setup, the SEED dataset recorded 12-channel EEG signals from the posterior site (CP1, CPZ, CP2, P1, PZ, P2, PO3, POZ, PO4, O1, OZ, and O2) and 6-channel EEG signals from the temporal site (FT7, FT8, T7, T8, TP7, and TP8) according to the International 10–20 electrode system, as shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Channels of the SEED dataset and multi-channel dataset. (A) SEED dataset. (B) Multi-channel dataset.
The multi-channel dataset included 32 EEG signals and one signal for vehicle position. The first 32 signals were from the Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCZ, FC4, FT8, T3, C3, Cz, C4, T4, TP7, CP3, CPz, CP4, TP8, A1, T5, P3, PZ, P4, T6, A2, O1, Oz, and O2 electrodes. Two electrodes (A1 and A2) were references placed on the mastoid bones. The next signal was used to describe the position of the simulated vehicle. This study compares the channels of the SEED dataset with those of the multi-channel dataset and selects the channels according to the one-to-one correspondence principle, as shown in Figure 3. In particular, if there are more datasets, channel selection should be based on the dataset with the lowest number of channels.
2.2.4 EEG segmentation division
In our previous work, we found that the random sampling method can reduce overfitting. It is shown in Figure 4. The specific process is as follows. Assuming that the EEG sequence length is N and the sample length of the EEG segment is T, the EEG sequence of length N contains a number of EEG sub-sequence [image: image], and each has its own index. For example, the EEG sub-sequence [image: image] corresponds to [image: image] and the EEG sub-sequence [image: image] corresponds to [image: image], and so on. A random offset of [image: image] will be set for the EEG sequence and EEG segments in each training iteration, which means that different EEG segments will be used in each iteration. The relationship between the EEG segment [image: image] and the corresponding index [image: image] is shown in Equation 2.
[image: image]
[image: Figure 4]FIGURE 4 | Random sampling method.
In this study, the EEG data on the SEED dataset were used as the independent variable and the PERCLOS was used as the dependent variable. In addition, the PERCLOS values provided in the SEED database were calculated every 8 s, so the PERCLOS values between two 8 s EEG segments were obtained by the aforementioned interpolation method. In the multi-channel dataset, EEG data were used as the independent variable and the DI as the dependent variable, and the DI values were obtained by the aforementioned interpolation method.
2.3 Proposed method
In order to get a fatigue detection model that can adapt to different tasks, this study proposes a regression method for EEG-based cross-dataset fatigue detection, as shown in Figure 5. In the pre-training step (Figure 5A), [image: image] and [image: image] are input into the common feature extractor [image: image] to extract specific features ([image: image] and [image: image]) for different tasks. Then, the domain discriminator [image: image] is used to determine whether these specific features come from [image: image] (“0”) or [image: image] (“1”). The cross-entropy loss is calculated and backpropagated to optimize the network. In this way, the specific features of different fatigue-induced tasks can be obtained.
[image: Figure 5]FIGURE 5 | Regression method for EEG-based cross-dataset fatigue detection: (A) pre-training and (B) domain-specific adaptive step. In the pre-training step, the multi-source domain and multi-target domain data are input into [image: image] and then fed into [image: image]. In the domain-specific adaptive step, the specific features of the two domains are extracted by [image: image]. Then, the distance MMD between the specific features is calculated by [image: image], and the fatigue index of the source domain is fitted by [image: image].
In the domain-specific adaptive step (Figure 5B), this study proposes an EEG-based domain-adaptive fatigue detection network. In addition, it includes a domain-specific feature extractor [image: image], domain distribution alignment network [image: image], and regression multilayer perceptron [image: image]. First, the specific features of [image: image] and [image: image] are extracted by [image: image]. Then, the distance MMD (Chen et al., 2021) between the specific features is calculated by [image: image], and the fatigue index of the source domain is fitted by [image: image] to calculate the mean squared error (MSE). Finally, the MMD and MSE were backpropagated to constantly update the network parameters and narrow the differences between features. The method can make the distribution domains of [image: image] and [image: image] more uniform, that is, [image: image] and [image: image]. Its aim is to extract the invariant features among domains and reveal the relationships between instances of the different datasets (Ye et al., 2022).
In terms of the design of a network structure, this study introduces the attention mechanism to extract the discriminative spatial representations and introduces the GRU to capture the relationship of EEG samples and the long-range information about EEG slices. The implementation processes of the proposed method are described in detail in Section 2.3.1 and Section 2.3.2.
2.3.1 Design of a common feature extractor
In prior work, this study observed that the performance of shallower models more quickly saturated to lower performance levels, as compared to the deeper networks. If the shallow network depth is increased only, it is easy to cause overfitting and deteriorate the network performance. The residual network (ResNet) solves the problems of traditional convolutional neural network (CNN) degradation and gradient disappearance/explosion by adding jump connections.
Apart from these factors, this study investigates a different aspect of architectural design: attention. The significance of attention has been studied extensively in the literature (Mnih et al., 2014; Gregor et al., 2015). In addition, it plays an important role in deciding ‘where’ to focus, as shown in Chen et al. (2017). Woo et al. (2018) exploited CBAM, which is both channel-wise and spatial attention-based on efficient architecture. They integrated CBAM into ResNet and applied it to computer vision, and this method showed very good performance. Thus, the attention mechanism is very good at capturing spatial representations. However, there are few applications for fatigue detection (Wang H. et al., 2021).
In this study, ResNet50 was selected as the CNN to extract spatial local features of one-dimensional EEG samples. In addition, the CBAM network is integrated into ResNet50 by referring to the experiment of Woo et al. (2018). The channel-wise attention and spatial attention models are shown in Figures 6A, B. The method can adaptively estimate the importance of EEG channels without any prior information and effectively learn the discriminative spatial representations in EEG slices. In addition, several pioneering works mainly focus on the relationship of EEG samples or the connection between different channels, whereas few studies considered capturing the information about EEG slices. The GRU is added to capture the latent long-range temporal information on EEG signals. The network structure design of the common feature extractor [image: image] is shown in Figure 6C.
[image: Figure 6]FIGURE 6 | (A) Channel-wise attention model. (B) Spatial attention model. (C) Network structure of the common feature extractor.
2.3.2 Domain-specific adaptive step
In the domain-specific adaptive step, this study builds the domain-specific feature extractor [image: image]. The domain-specific feature extractor [image: image] extracts multi-representations of [image: image] and [image: image], that is, [image: image]. [image: image] maps them to a common subspace [image: image] and preserves the key features of each domain and [image: image] by using a [image: image]-based shared feature extractor, i.e., [image: image], which is unlike the totally unshared architectures that require an extra network and increase the complexity of the model. Therefore, most domain-adaptive algorithms adopted this shared design (Eldele et al., 2022; He et al., 2022). To make these high-level features with different representations closer, this study employed MMD to estimate the distance between the domains in the latent space (Chen et al., 2021; Tao and Dan, 2021; Cao et al., 2022). In addition, it is calculated by the domain distribution alignment network [image: image]. The final MMD is the sum of the MMD of each source domain expression and the corresponding target domain expression, as shown in Equation 3.
[image: image]
Finally, the multi-representation vector [image: image] is connected to a new vector and fed into the regression multilayer perceptron [image: image] to predict the fatigue index. We use the MSE to calculate loss, as shown in Equation 4. The total loss function can be expressed as Equation 5.
[image: image]
[image: image]
where [image: image] is the proportionality coefficient.
The training is based on Equation 5. Minimizing this formula is to minimize the MMD and MSE so that the distance between the source domain and the target domain can be as small as possible in different potential spaces, and the index prediction is as close as possible to the actual index.
In summary, the method proposed in this study follows the algorithm, as shown in Algorithm 1.
Algorithm 1:. A regression method for EEG-based cross-dataset fatigue detection.
Input: The EEG data on the source domain and target domain, [image: image] and [image: image].
The labels of source domain [image: image], epoch N and batch size B, learning rate lr, parameters [image: image];
Output: prediction of target domain data, [image: image].
Step 1: Pre-training
Initialize the parameters of the model
1. for (epoch ← 1; epoch ≤ N; epoch ← epoch + 1) do
2. repeat
3. Sample source examples [image: image] from [image: image];
4. Sample target examples [image: image] from [image: image];
5. Sample labels “0” (source domain) and “1” (target domain);
5. Use [image: image] to extract [image: image] and [image: image];
6. [image: image] and [image: image] are input into the [image: image] to compute the cross-entropy loss;
7. Update the model by minimizing the cross-entropy loss;
8. end for Step 2: Domain-specific adaptive
Initialize domain-specific feature extractor [image: image]
9. for (epoch ← 1; epoch ≤ N; epoch ← epoch + 1) do
10. repeat
11. Sample source examples [image: image] from [image: image];
12. Sample target examples [image: image] from [image: image];
13. Use [image: image] to extract [image: image];
14. [image: image] are input into [image: image] to compute [image: image]
15. Concat [image: image] to regression multilayer perceptron [image: image] to calculate the [image: image] (4);
16. The total loss is [image: image] (5);
17. Update the model by minimizing the total loss;
18. end for 19. Input [image: image] into the updated model to predict;
20. return prediction of target domain data, [image: image].
3 RESULTS
3.1 Dataset evaluation
In order to develop a model that can adapt to different fatigue tasks, we need to select a dataset with large information as the source domain and another as the target domain. Therefore, we need to reasonably judge the richness of each dataset and the information it contains.
First, this study evaluates the distributions of two datasets. The SEED dataset and multi-channel dataset have different experimental tasks, so they may present different features. Therefore, the amount of information contained in each dataset should be evaluated comprehensively in order to select the appropriate source and target domains. Figure 7 shows the boxplot of the fatigue index distribution of the SEED and multi-channel datasets. Meanwhile, in order to see the distributions of the three states of the two datasets more directly, this study randomly picked out almost 256 EEG samples from the two datasets (each dataset has 128 samples) to visualize them with Uniform Manifold Approximation and Projection (UMAP) (Banville et al., 2021) via a 3-D scatter plot, as shown in Figures 8A, B. In addition, their boxplot and violin plot are displayed in Figure 8C.
[image: Figure 7]FIGURE 7 | Fatigue index distribution of the SEED and multi-channel datasets. SEED_0, SEED_1, and SEED_2 indicate awake, fatigue, and drowsy states of the SEED dataset, respectively. Multi-channel_0, multi-channel_1, and multi-channel_2 indicate awake, fatigue, and drowsy states of the multi-channel dataset, respectively.
[image: Figure 8]FIGURE 8 | Distributions of the three states of the two datasets. (A) 3-D scatter plot of EEG samples of the SEED dataset. (B) 3-D scatter plot of EEG samples of the multi-channel dataset. Yellow color indicates the awake state of the two datasets, blue indicates the fatigue state, and red indicates the drowsy state in (A) and (B). (C) Boxplot and violin plot of EEG samples of the two datasets. SEED_0, SEED_1, and SEED_2 indicate awake, fatigue, and drowsy states of the SEED dataset, respectively. Multi-channel_0, multi-channel_1, and multi-channel_2 indicate awake, fatigue, and drowsy states of the multi-channel dataset, respectively.
It can be seen from Figure 7 that the fatigue index of the SEED dataset has a more centralized distribution with no outliers, while that of the multi-channel dataset has more outliers on “multi-channel_0.” Also, the multi-channel dataset is wider than the SEED dataset. It means that the changes of the multi-channel dataset are greater and scattered. In addition, it can be seen from Figure 8A that the SEED dataset has more transition features from awake to fatigue and from fatigue to drowsy states. However, the multi-channel dataset has less crossover (Figure 8B), which is not conducive to extract the transition features. We can observe from Figures 8A, C that the SEED dataset had a more concentrated EEG distribution and fewer outliers. Therefore, the SEED dataset is more suitable as the source domain. It is noteworthy that for different data, the range of the data after dimensionality reduction is different (Li et al., 2022). This study only shows the visualization effect of the proposed method here.
3.2 Experiment details
It should be noted although all the samples in the SEED and multi-channel datasets are labeled, the labels of the multi-channel dataset are used only for assessment but not for training. In the experiment, one sample size was 17*1024. In addition, the size of the GRU hidden layer is 64, and the number of hidden layers is 1. The optimizer uses a combination of the stochastic gradient descent and cosine gradually warm-up learning rate. In the cosine learning rate, every 100 epochs are half of the period of the cosine function, and the learning rate is 0.05 at most and 0.001 at least. In the gradually warm-up learning rate, the learning rate in the first 10 epochs is very small, and the learning rate starts to follow the change of the cosine learning rate from the epoch 11. The momentum in the optimizer is 0.9, and the weight decay rate is 0.001. [image: image] is 0.3. To avoid overfitting the source domain, this study also adds a dropout with a rate of 0.25 to the model. At each epoch, every 32 samples as a batch are used to train the network. The study used a single-layer multilayer perceptron (MLP) with one node as the regression multilayer perceptron and MLP with a 64-node domain distribution alignment network. All experiments are conducted in PyTorch libraries with an NVIDIA GeForce GTX 3060 GPU. All codes generated in this study are available at GitHub: https://github.com/yangyangyang-github/RMCDFD.
3.3 Performance evaluation
Different performance measurements, such as precision, recall, F1 score, accuracy, and root mean square error (RMSE), have been used to confirm the performance of the proposed method.
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where TP, TN, FP, and FN represent the number of true positive, true negative, false positive, and false negative values. [image: image] is the true value, and [image: image] is the prediction.
3.4 Result
To validate the proposed method, this study compares the proposed method with the random value (33.33%). Likewise, we also compare the performance with that of other state-of-the-art domain adaptation methods, including transfer component analysis (TCA) (Pan et al., 2011), MIDA (Liu et al., 2020), InstanceEasyTL (Zeng et al., 2020), dynamic domain adaptation (DDA) (Li et al., 2022), and ADAST (Eldele et al., 2022). Meanwhile, in order to verify the effectiveness of source domain and target domain selection, this study compares the performance of all methods under two scenarios: 1) SEED → multi-channel and 2) multi-channel → SEED. These baselines are summarized as follows, and Table 1 shows the main results of five-fold cross-validation, which is averaged after 10 runs.
TABLE 1 | Recall, precision, F1 score, accuracy, and RMSE performances.
[image: Table 1]TCA: It seeks a projection to a latent subspace, where the projected source data and target data achieve a reduced MMD in a reproducing kernel Hilbert space, which measures the distance between the empirical means of two distributions.
MIDA: It uses the Hilbert–Schmidt independence criterion to evaluate the independence of potential subspaces and hopes that the maximum independence of subspaces can be achieved.
InstanceEasyTL: In order to match the different distribution of EEG signals from different subjects, it adopts a strategy of alignment with certain weights to align EEG samples collected from both source and target domains.
DDA: It introduces a dynamic training strategy where the model focuses on optimizing the global domain discrepancy in the early training steps and then gradually switches to the local subdomain discrepancy.
ADAST: It develops a mechanism to preserve the domain-specific features in both domains. In addition, it designs an iterative self-training strategy to improve the classification performance on the target domain via target domain pseudo labels.
Table 1 reports the recall, precision, F1 score, accuracy, and RMSE metrics of the proposed methods in two-domain transfer scenarios. It can be seen from Table 1 that the proposed method achieves a better result in the two-domain transfer scenarios. In the first scenario, the recall, precision, F1 score, and accuracy metrics achieved by the proposed method are 44.81%, 47.83%, 46.27%, and 59.10%, which significantly outperforms TCA by 10.55%, 11.31%, 10.92%, and 16.72%, respectively. In the second scenario also, the proposed method performs better than the others. In addition, the recall, precision, and F1 score metrics of the first scenario are about 5% higher than those of the second scenario, and the accuracy metric is 13.89% higher than that in the second scenario. Meanwhile, the RMSE in the first scenario was 0.02 higher than in the second scenario. Therefore, the comparison of the two scenarios in Table 1 verifies the effectiveness of the selection of the source and target domains. In the following experimental verification, the first scenario is taken as an example.
In Table 1, the results illustrate the advantages of the proposed method over other methods. To make the comparison more intuitive, this study visualizes the results of all methods using UMAP (Banville et al., 2021), and they are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Visualized results of all methods. (A) Proposed method. (B) TCA. (C) MIDA. (D) InstanceEasyTL. (E) DDA. (F) ADAST. Yellow color indicates the awake state of the dataset, blue indicates the fatigue state, and red indicates the drowsy state. SEED_0, SEED_1, and SEED_2 indicate awake, fatigue, and drowsy states of the SEED dataset, respectively. Multi-channel_0, multi-channel_1, and multi-channel_2 indicate the awake, fatigue, and drowsy states of the multi-channel dataset, respectively.
3.5 Ablation experiment
In order to deeply understand the effect of attention, GRU, and pre-training, this study also compares the performance of the proposed method without attention (no attention), without GRU (no GRU), and without pre-training (no pre-training). It is also shown in Table 2.
TABLE 2 | Cross-dataset fatigue detection results.
[image: Table 2]As can be observed from Table 2, the proposed method’s accuracy is about 10% more than those of other methods. Specifically, the precision of the proposed method in the drowsy state is 40% higher than that of no pre-training, the recall is more than 20%, and the F1 score is more than 30%. It can also be seen from Table 2 that no pre-training method shows poor recognition performance in the drowsy state. The other three methods all have a pre-training part, and all of them perform better than the no pre-training model in terms of indicators of the drowsy state. Moreover, it is of note that although a certain module is removed, the proposed method is still better than the random value.
In order to intuitively show how the proposed method reduces the distribution discrepancies between the domains, this study exhibits the outputs of the different stages via UMAP. Figures 10A–C show the distributions of original EEG samples, distributions after pre-training, and distributions after domain-specific adaptation, respectively. The distributions of the no attention, no GRU, and no pre-training are shown in Figures 10D–F, respectively. As can be seen from Figure 10B, the raw EEG data from the source and target domains are gathered into two groups by pre-training, which demonstrates the data distribution discrepancy between the source and target domains. Figure 10C proves that the proposed method reduces the difference at the domain level. It is obvious from Figures 10D–F that the three methods all have scattered data points that have not been aggregated, and the classification boundary is not obvious.
[image: Figure 10]FIGURE 10 | Outputs of the different stages. (A) Original EEG sample distribution of the two datasets. (B) Distribution after pre-training. Specifically, black indicates the SEED dataset, and red indicates the multi-channel dataset of (A) and (B). (C) Distribution after the domain-specific adaptive step. (D) Distribution of no attention. (E) Distribution of no GRU. (F) Distribution of no pre-training. In (C), (D), (E), and (F), yellow indicates the awake state of the dataset, blue indicates the fatigue state, and red indicates the drowsy state. SEED_0, SEED_1, and SEED_2 indicate awake, fatigue, and drowsy states of the SEED dataset, respectively. Multi-channel_0, multi-channel_1, and multi-channel_2 indicate the awake, fatigue, and drowsy states of the multi-channel dataset, respectively.
3.6 Effects of labeled data
Utilization of a small amount of target labels can effectively improve accuracy (Li et al., 2022). Thus, this study deliberately investigates the relationship between the amount of target labels and the method performance. Here, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 of the number of target labels are added to fine-tune the model. The performance of the proposed method is compared to the methods presented in Section 3.4 and Section 3.5. The accuracy and RMSE are shown in Figures 11, 12, respectively.
[image: Figure 11]FIGURE 11 | Accuracy after adding labels. Specifically, bold red indicates the accuracy of the proposed method. (A) Results compared with methods of Section 3.4. (B) Results compared with methods of Section 3.5.
[image: Figure 12]FIGURE 12 | RMSE after adding labels. Specifically, red indicates the accuracy of the proposed method, which achieves better performance.
As shown in Figure 11, once the labeled data are added, the performance of the method significantly improves, as expected (Li et al., 2022). This emphasizes the importance of the labeled data. In particular, the proposed method shows excellent performance in a small number of labeled samples. Meanwhile, it can be seen from Figure 12 that the RMSE of the proposed method is kept at a low level, and with the increase of labeled samples, the RMSE of all methods decreases.
4 DISCUSSION
In terms of fatigue detection methods, fatigue is mainly judged from facial expressions, physiological signals, and questionnaire surveys. The existing fatigue detection methods are almost within-subject and cross-subject fatigue detection. However, they need a large amount of EEG data for training, which is resource-consuming and impractical when faced with a new dataset. It is a worth exploring question to develop a model that can adapt to a variety of datasets.
Therefore, this study proposes a regression method for EEG-based cross-dataset fatigue detection. To validate the performance, this study compares the proposed method with that of other state-of-the-art domain adaptation methods. It can be seen from Table 1 that the proposed method outperforms all other methods, which does not need any labeled target data. Meanwhile, the comparison of the two scenarios in Table 1 verifies the validity of the selection of source and target domains, which means that the dataset with rich information is more suitable for the source domain. In addition, as can be seen from Figure 9A, the proposed method better aggregates each state, while other methods (Figures 9B–F) do not overlap the center of the same state.
For the proposed method, in the pre-training step, different domains should be mapped into the same space to distinguish samples of different datasets to extract specific features for different tasks. As can be seen from Table 2, the model without pre-training performs worse in the drowsy state than the model with pre-training. As can be seen from Figure 10F, the distribution of the model without pre-training is not concentrated in the drowsy state. Pre-trained models have a more aggregated distribution with fewer scattered data points. These validate the results of Table 2 and suggest that pre-training contributes to cross-dataset fatigue detection.
Then, the domain-specific adaptive step makes the multi-source domain and the multi-target domain closer, and the sample is highly aggregated. We can notice that this step can reduce the domain discrepancy at the domain level in the comparison between Figures 10B, C. It shows that it is effective to perform adaption alignment on top of specific features, which can avoid the occurrence of misalignment and learn fatigue-aware fine-grained transfer features (Li et al., 2022).
Since fatigue is a continuously changing sequence rather than several discrete states, the accuracies of no attention and no GRU are lower. We can see from Figures 10D, E that the conditional distribution of source and target domains using no attention and no GRU model matched, and aligned distributions are not well aggregated. As shown in the fatigue state in Figure 10D, there are still scattered points that have not been aggregated. In addition, fatigue and drowsy states are not concentrated in one area, so is the drowsy state in Figure 10E. This may be due to a lack of temporal and spatial information related to fatigue.
In addition, this study studies the effect of labeled samples on the results. We can observe from Figure 11 that the more labeled the data, the better the classification. This further validates the idea of supervised learning. However, considering a weak correlation between the target and source domains, blindly increasing the amount of source data does not improve the accuracy and causes computational burden (Wang Y. et al., 2021). It can also be seen from the results of Figure 11 that with the increase in the number of labeled samples, the performance does not increase monotonously. There is no denying that with the increase in the samples, the performance of the proposed method is clearly improved. At the same time, this also shows that if there are labeled samples in the actual target, then these samples should be used. We choose the unsupervised domain adaptation approach only when the target is completely unmarked.
Although this study proposes a regression method for EEG-based cross-dataset fatigue detection, there are still some limitations. Although the specific experimental design of the two datasets is different, they are all fatigue caused by driving tasks. The model may not perform well in the face of more fatigue datasets, such as those caused by sleep deprivation. Therefore, we will further study how to minimize the differences in fatigue caused by different tasks. In addition, the accuracy of the proposed method is only 59.10%. It is a little low, and part of the reason may be that the fatigue evaluation indexes are not necessarily 100% correct. The use of the behavioral index (RT in this study) to evaluate fatigue needs further development.
5 CONCLUSION
Since the cross-dataset fatigue detection model can extract general features of fatigue, it does not need to be retrained when facing new datasets. However, no one has studied this problem previously. Therefore, the study proposes a regression method for EEG-based cross-dataset fatigue detection, which mainly includes two steps: pre-training and the domain-specific adaptive step. In the pre-training step, this study designs a pretext task to distinguish data from the source or target domain. In this way, the specific features of different fatigue-induced tasks can be obtained. In the domain-specific adaptive step, this study proposes an EEG-based domain-adaptive fatigue detection network, including a domain-specific feature extractor, domain distribution alignment network, and regression multilayer perceptron. This step focuses on minimizing the data distribution difference between the source and target domains by using MMD. The accuracy and RMSE achieved by the proposed method are 59.10% and 0.27, respectively, which significantly outperforms state-of-the-art domain adaptation methods. In addition, this study also discusses the effect of labeled samples. When the number of labeled samples is 10% of the total number, the accuracy of the proposed model can reach 66.21%. The proposed method can be used for reference in the field of cross-dataset fatigue detection. In the future, we will investigate the EEG-based cross-dataset fatigue detection method due to different fatigue-induced tasks.
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Introduction: Cognitive impairment is experienced by people with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and post-acute sequelae of COVID-19 (PASC). Patients report difficulty remembering, concentrating, and making decisions. Our objective was to determine whether orthostatic hemodynamic changes were causally linked to cognitive impairment in these diseases.

Methods: This prospective, observational cohort study enrolled PASC, ME/CFS, and healthy controls. All participants underwent clinical evaluation and assessment that included brief cognitive testing before and after an orthostatic challenge. Cognitive testing measured cognitive efficiency which is defined as the speed and accuracy of subject’s total correct responses per minute. General linear mixed models were used to analyze hemodynamics and cognitive efficiency during the orthostatic challenge. Additionally, mediation analysis was used to determine if hemodynamic instability induced during the orthostatic challenge mediated the relationship between disease status and cognitive impairment.

Results: Of the 276 participants enrolled, 256 were included in this study (34 PASC, 71 < 4 year duration ME/CFS, 69 > 10 year ME/CFS duration, and 82 healthy controls). Compared to healthy controls, the disease cohorts had significantly lower cognitive efficiency scores immediately following the orthostatic challenge. Cognitive efficiency remained low for the >10 year ME/CFS 2 and 7 days after orthostatic challenge. Narrow pulse pressure less than 25% of systolic pressure occurred at 4 and 5 min into the orthostatic challenge for the PASC and ME/CFS cohorts, respectively. Abnormally narrow pulse pressure was associated with slowed information processing in PASC patients compared to healthy controls (−1.5, p = 0.04). Furthermore, increased heart rate during the orthostatic challenge was associated with a decreased procedural reaction time in PASC and < 4 year ME/CFS patients who were 40 to 65 years of age.

Discussion: For PASC patients, both their disease state and hemodynamic changes during orthostatic challenge were associated with slower reaction time and decreased response accuracy during cognitive testing. Reduced cognitive efficiency in <4 year ME/CFS patients was associated with higher heart rate in response to orthostatic stress. Hemodynamic changes did not correlate with cognitive impairment for >10 year ME/CFS patients, but cognitive impairment remained. These findings underscore the need for early diagnosis to mitigate direct hemodynamic and other physiological effects on symptoms of cognitive impairment.

KEYWORDS
 post-acute sequelae of SARS-CoV-2 (PASC), long COVID, ME/CFS, myalgic encephalomyelitis, cognitive impairment, orthostatic hemodynamic changes


Introduction

Evidence that myalgic encephalomyelitis (ME/CFS) is a prototypical post-infectious disease dates to an epidemic in Iceland in 1949 that simulated poliomyelitis and many had still not recovered 6 years later (Sigurdsson et al., 1950; Sigurdsson, 1956). There is a recognition of the chronic consequences of acute infection, such as chronic arthritis from acute infection with chikungunya virus or long-term, neurological changes from West Nile virus (Baldwin et al., 2016; Pathak et al., 2019; Clé et al., 2020). Now with more than 750 million confirmed cases of COVID-19 worldwide [WHO Coronavirus (COVID-19) dashboard]1 research on post-acute sequelae of COVID-19 (PASC) has intensified. It is estimated at least 10% of people that had COVID-19 will continue to experience symptoms for more than 3 months (Centers for Disease Control and Prevention)2. Although there are unique signs and symptoms in response to any acute infection, there is also a common, stereotyped post-infectious syndrome characterized by fatigue that impairs physical function, post-exertional malaise, unrefreshing sleep, orthostatic intolerance, and cognitive impairment (Hickie et al., 2006). ME/CFS and many with PASC share these stereotyped post-infectious symptoms.

Dysautonomia occurs when the nerves that regulate nonvoluntary functions, such as heart rate and blood pressure, malfunction (Karemaker, 2017). Orthostatic intolerance (OI) describes the signs and symptoms that occur in upright posture and improve when supine and may include an inability to stay upright due to dizziness and fainting, fast or slow heartbeat, inappropriate drop or rise of blood pressure, and cognitive problems, to name a few (Rowe, 2002). OI is included in the diagnostic criteria for ME/CFS (Institute of Medicine, 2015) and is now widely recognized as one of the primary clinical manifestations of PASC (Jammoul et al., 2023). Cognitive impairment that results in difficulty remembering, concentrating, and making decisions is prevalent in both ME/CFS and PASC (Komaroff and Bateman, 2021; Komaroff and Lipkin, 2021). Recently, we demonstrated that when ME/CFS and PASC patients underwent an orthostatic challenge, cognitive reaction time significantly worsened in both ME/CFS and PASC patients (Vernon et al., 2022).

This led us to hypothesize that orthostatic intolerance and the hemodynamic changes that occur during orthostatic challenge may be causing or contributing to cognitive impairment in both ME/CFS and PASC. To test this, a brief cognitive assessment was done before and immediately after a passive stand test and then 2 and 7 days later. Mediation analysis was used to identify and attempt to explain the extent to which disease status and hemodynamic instability explain impaired cognition.



Materials and methods


PASC cohort

Between April and September 2021, we enrolled PASC patients who were 18 to 65 years old with symptoms of fatigue, exercise intolerance or other unwellness that persisted for at least 3 months and that the participant, or their doctor thought were related to COVID-19. Other inclusion criteria were good general health prior to sickness with COVID-19 and evidence of SARS-CoV-2 by PCR or antigen (provided by the subject or their provider) or presence of IgG antibodies to SARS-CoV-2 prior to receiving COVID-19 vaccination. Exclusion criteria included, (1) hospitalized for >72 h for COVID-19, (2) documented organ damage as a result of COVID-19 infection, (3) other active and untreated disease processes that explain the major symptoms of fatigue, sleep disturbance, pain, and cognitive dysfunction, (4) untreated primary sleep disorders, (5) rheumatological disorders, (6) immune disorders, (7) neurological disorders, (8) other infectious disease, (9) psychiatric disorders that alter perception of reality or ability to communicate clearly or impair physical health and function, and (10) laboratory testing or imaging are available that support an alternate exclusionary diagnosis.



ME/CFS cohorts

Beginning in January 2018, we enrolled ME/CFS patients who had been sick for <4 years or sick for >10 years. No ME/CFS patients with duration ≥4 years and ≤ 10 years were enrolled in order to have clear distinctions between short and long duration of illness with ME/CFS. All participants were 18 to 65 years old at the time of enrollment. ME/CFS diagnosis according to the Institute of Medicine clinical diagnostic criteria and disease duration of <4 years were confirmed during clinical differential diagnosis and thorough medical work up (Institute of Medicine, 2015). Additional inclusion criteria required, (1) a substantial reduction or impairment in the ability to engage in pre-illness levels of occupational, educational, social, or personal activities that persists for more than 6 months and less than 4 years and is accompanied by fatigue, which is often profound, is of new or definite onset (not lifelong), is not the result of ongoing excessive exertion, and is not substantially alleviated by rest, and (2) post-exertional malaise. Exclusionary criteria for the <4 year ME/CFS cohort were, (1) morbid obesity BMI > 40, (2) other active and untreated disease processes that explain most of the major symptoms of fatigue, sleep disturbance, pain, and cognitive dysfunction, (3) untreated primary sleep disorders, (4) rheumatological disorders, (5) immune disorders, (6) neurological disorders, (7) infectious diseases, (8) psychiatric disorders that alter perception of reality or ability to communicate clearly or impair physical health and function, (9) laboratory testing or imaging are available that support an alternate exclusionary diagnosis, and (10) treatment with short-term (less than 2 weeks) antiviral or antibiotic medication within the past 30 days.

For the >10 year ME/CFS cohort, disease duration of >10 year and clinical criteria was confirmed to meet the Institute of Medicine criteria for ME/CFS during clinical evaluation and medical history review (Institute of Medicine, 2015). Other than disease duration, inclusion and exclusion criteria were the same as for <4 year ME/CFS cohort.



Healthy control cohort

Healthy control participants were also between 18 to 65 years of age and in general good health. Enrollment began in 2018 and subjects were selected to match the <4 year ME/CFS cohort by age (within 5 years), race, and sex (~2:1 female to male ratio). Exclusion criteria for healthy controls included, (1) a diagnosis or history of ME/CFS, (2) morbid obesity BMI > 40, (3) treatment with short-term (less than 2 weeks) antiviral or antibiotic medication within the past 30 days or (4) treatment long-term (longer than 2 weeks) antiviral medication or immunomodulatory medications within the past 6 months.

Approval was received before enrolling any subjects in the study (The Jackson Laboratory Institutional Review Board, 17-JGM-13). All participants were educated about the study prior to enrollment and signed all appropriate informed consent documents. Research staff followed Good Clinical Practices (GCP) guidelines to ensure subject safety and privacy.



Cognitive testing

Upon arrival at the Bateman Horne Center, participants downloaded the Defense Automated Neurobehavioral Assessment (DANA) Brain Vital app to their smartphones (Lathan et al., 2013). DANA Brain Vital is a test that includes three reaction time and information processing measurements: simple reaction time (SRT), procedural reaction time (PRT), and sustained attention or Go-No-Go (GNG) (Resnick and Lathan, 2016). The test results are reported as cognitive efficiency calculated accuracy x speed x 60,000. SRT is a simple reaction time task in which the user taps an orange target symbol as soon as it appears on the screen. PRT incorporates choice by having the user differentiate between two sets of characters: a 2, 3, 4, or 5 appears on the screen and the user taps one of two buttons [2 or 3] or [4 or 5]. GNG is a forced choice measure of reaction time where either a gray foe or green friend appears on the screen. The user is instructed to tap the screen only when the gray foe appears. Participants completed DANA Brain Vital just before then immediately after the orthostatic challenge and again at home 2 and 7 days after the orthostatic challenge.



Orthostatic challenge

The 10-min NASA Lean Test (NLT) is a standardized passive stand test and was used as the orthostatic challenge in this study (Lee et al., 2020). Briefly, participants rested supine on an exam table for 10 min. Baseline blood pressure (BP) and heart rate (HR) were measured twice during the last 2 min of the supine rest. Participants then stood with only their shoulder blades touching the wall. Their heels were positioned 6–8 inches from the wall. Systolic BP (SBP), diastolic BP (DBP), and HR were recorded every minute during the 10-min NLT. Pulse pressure (PP) was calculated according to the consensus equation: PP = SBP – DBP. Peripheral perfusion was roughly estimated using PP/SBP, defined as abnormal PP/SBP less than 25% (Homan et al., 2022).



Data analysis

To estimate the effect between disease status and cognition after the NLT, we ran three different general linear models comparing baseline measurements to the three time points (immediately post-NLT, 2 and 7 days post NLT). A general linear mixed model with time, group, and time x group interaction as fixed effects and subject ID as the random effect, was used to compare the post-fit marginal estimates of the average effect (5.5 min) and final effect (10 min) the NLT had on hemodynamic variables for the four cohorts. Both a random intercept and random slope across time was specified for each participant. In this model, time (minutes) was a continuous variable and analysis of covariance (ANCOVA) was used to control for any differences between the baseline hemodynamic measurements among the four cohorts. The above models were controlled for age, sex, ethnicity, race, and BMI.



Mediation analysis

The change in hemodynamic variables after completing the NLT were tested as potential mediators in the relationship between disease state and reduction in cognitive efficiency scores. Specifically, we used the change in PP and HR as the mediators and only looked at the immediate post-NLT change in cognitive efficiency scores. Our mediation models were examples of partial mediation. In our mediation analysis, we first considered the total effect between disease status and cognitive performance through simple linear regression. Second, again using simple linear regression, we evaluated the effect between disease status and orthostatic variables (HR and PP), which showed a significant effect. Third, we tested the effect of the orthostatic variables on cognitive performance. This was done using a regression model with both disease status and the change in HR/PP with the change in cognitive performance after the orthostatic challenge as our dependent variable. Lastly, we estimated causal mediation through bootstrapping (a nonparametric resampling method that allows for non-normal sampling distribution) using the mediation package in RStudio to compare the direct and indirect effects. The mediation models were adjusted or stratified for age, sex, time since diagnosis, and BMI due to their impact on the hemodynamic variables and cognition. We specifically considered 2 different models: (1) The mediating effect of change in HR and PP on the relationship between disease state and change in cognitive scores, when controlling for age, sex, and BMI and, (2) The mediating effect of change in HR and PP on the relationship between disease state and change in cognitive scores, when controlling for sex, BMI, and time since diagnosis, while additionally stratifying by age (<40 and ≥ 40). Less than 40 and ≥ 40 years was chosen because of similar distributions in each cohort (<40 group included 45 HCs, 15 PASC, 39 < 4 year ME/CFS and 23 > 10 year ME/CFS and the ≥40 group included 37 HCs, 19 PASC, 32 < 4 year ME/CFS and 42 > 10 year ME/CFS). All analyses were performed using RStudio (RStudio Team, 2020) with a significance level of p < 0.05.



Missing and outlier data

Participants that were unable to finish the 10-min NLT or unable to complete cognitive testing after the NLT because of severe symptoms (e.g., fainting) were categorized as missing not at random. To account for missing hemodynamic data, we imputed the missing values by carrying forward the last recorded measurement. This method assumes their hemodynamic variables would not have changed if they had remained in the NLT and as a result, estimations are likely a lower bound on their individual treatment effect. To address the missing post-NLT cognitive measurements, we replaced the missing cognitive scores with the mean cognitive scores of those in the same cohort that had similar HR (+/− 5 bpm) at the time they stopped the NLT. Cognitive scores missing at baseline, 2 days and 7 days following the orthostatic challenge were assumed to be missing completely at random and were dropped from the analyses. Additionally, missing BMI, age, and sex measurements were assumed to be missing completely at random amongst the subjects and were also excluded from our final analyses. Outliers for cognitive scores were defined as being outside 4 standard deviations (SD) from the mean scores. There were 4 subjects with cognitive scores outside the −/+ 4 SD outlier thresholds. These outlier cognitive scores were replaced with cognitive scores minimum or maximum value at the +/− 4 SD threshold.




Results

A total of 276 subjects were enrolled in the study (35 PASC, 75 < 4 year ME/CFS, 72 > 10 year ME/CFS, and 94 healthy controls). Twenty participants were excluded because they were missing their baseline DANA Brain Vital results or BMI measurements, resulting in 256 participants (34 PASC, 71 < 4 year ME/CFS, 69 > 10 year ME/CFS, and 82 healthy controls). Table 1 shows the demographics and clinical characteristics of the 256 participants included in the analyses.



TABLE 1 Cohort characteristics.
[image: Table1]

Twenty-six (10.2%) participants were unable to finish the NLT and 11 (4.3%) participants were unable to take the DANA Brain Vital immediately after the NLT due to severe symptoms (e.g., fainting). Participants dropped out of the NLT throughout the 10-min testing period (Table 2) and dropout rates were similar among the 4 cohorts (3 PASC (8.8%), 7 < 4 year ME/CFS (9.9%), 9 > 10 year ME/CFS (13.0%), and 7 healthy controls (8.5%)).



TABLE 2 Number of participants that dropped out at a specific time during the NLT.
[image: Table2]

The average effect at 5.5 min and the final effect at 10 min on hemodynamics during the NLT was examined first. There were no significant changes from baseline to 5.5 or 10 min for SBP for any of the disease cohorts compared to the healthy controls (Figure 1A). For both the <4 year ME/CFS and PASC cohorts, DBP was significantly higher than healthy controls at the end of the NLT (Figure 1B). The PASC cohort had significantly higher HR compared to healthy controls at both 5.5 min and at the end of the NLT (Figure 1C).

[image: Figure 1]

FIGURE 1
 A comparison of the average effect at 5.5 min and the final effect at 10 min during the NLT on blood pressure and heart rate. In (A) SBP is within normal range for all cohorts. (B) Shows DBP increasing during the NLT for PASC, <4 year and > 10 year ME/CFS cohorts and decreasing during the NLT for the healthy control cohort. (C) Shows a significant HR increase for the PASC cohort while the ME/CFS cohorts increased but not significantly more than healthy controls.


When pulse pressure is less than 25% of SBP, PP is abnormally low or narrowed (Homan et al., 2022). Figure 2 shows the mean PP per minute of the NLT for each cohort. By 4 min into the NLT, the PP for the PASC and < 4 year ME/CFS cohorts narrowed to 23 and 24%, respectively. The PP continued to narrow with the PP dropping for the PASC cohort to 20 mmHg by the end of the NLT. The PP for the >10 year ME/CFS and healthy control cohorts were similar throughout the NLT and did not drop below 25% of SBP.

[image: Figure 2]

FIGURE 2
 A PP that is less than 25% of SBP is inappropriately narrow. Both PASC and < 4 year ME/CFS cohorts have narrow PP by 4 and 5 min into the NLT, respectively.


The cognitive efficiency scores before and after the NLT are shown in Figure 3. Notably, the disease cohorts had lower cognitive efficiency at baseline. The orthostatic challenge caused significant worsening of cognitive efficiency in all cognitive tests for the three disease cohorts compared to the healthy controls (Figures 3A–C). PASC and < 4 year ME/CFS participants returned to baseline cognitive efficiency levels by Day 2. On Day 7, GNG cognitive efficiency was significantly lower for PASC and > 10 year ME/CFS compared to <4 year ME/CFS and healthy controls (Figure 3C). Yet, the >10 year ME/CFS cohort had significantly lower cognitive efficiency scores compared to healthy controls at all time points for all three reaction time measures of the DANA Brain Vital battery (Figures 3A–C).

[image: Figure 3]

FIGURE 3
 (A–C) DANA Brain Vital cognitive efficiency scores before and after the NLT. The disease cohorts had lower baseline cognitive efficiency scores on all three cognitive tests that significantly worsened immediately after the NLT. The >10 year ME/CFS cognitive efficiency scores remained significantly below healthy control cohort scores on days 2 and 7. The healthy control cohort had normal or improved cognitive efficiency scores after the NLT.


Mediation analysis was used to determine if the hemodynamic perturbations that occurred during the NLT were contributing to the decrease in cognitive efficiency (Figure 4A). In our first mediation model, when controlling for age, sex, and BMI, the change in PP in the PASC cohort during the NLT mediated slowed information processing assessed by GNG testing (−1.5, non-parametric bootstrap 95% CI: (−3.7, −0.04), p = 0.04) (Figure 4B). With change in PP as a mediator, there was a significant direct effect between the PASC vs. healthy control cohorts and change in cognitive performance (−9.0, non-parametric bootstrap 95% CI: (−15.8, −2.5), p = 0.01). (Figure 4B). Elevated HR that occurred during the NLT was not a significant mediator of slowed cognitive efficiency for any of the disease cohorts (data not shown).
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FIGURE 4
 Mediation analysis was used to gain insight into the direct effect of disease on cognition and the indirect or mediating effect of orthostatic challenge on cognition (A). There was a significant direct effect of PASC disease state as well as a significant indirect effect of decreased PP and increased HR on poorer cognitive efficiency (B,C). The was a significant indirect effect of increased HR on worsened cognitive efficiency in the <4 year ME/CFS cohort (D).


The second mediation model stratified the cohorts into two age groups, <40 years and ≥ 40 years. This model found that a change in HR during the NLT was associated with slowed PRT in both the PASC (Figure 4C) and < 4 years ME/CFS cohorts (Figure 4D) in the ≥40 years group (PASC: −1.7, non-parametric bootstrap 95% CI: (−4.0.4, −0.04), p = 0.04 and ME/CFS <4 years: −2.4, non-parametric bootstrap 95% CI: (−6.2, −0.1), p = 0.03). There was a significant direct effect of PASC disease on slowed PRT (Figure 4C) (−10.4, non-parametric bootstrap 95% CI: (−18.0, −2.3), p = 0.01). The direct effect of <4 year ME/CFS disease on PRT did not reach significance (Figure 4D) (−14.6, non-parametric bootstrap 95% CI: (−27.5, 1.8), p = 0.08). Change in PP was not a significant mediator for disease state and cognitive efficiency for both age groups (data not shown).



Discussion

There is significant clinical overlap of PASC with ME/CFS and because of this, research into the mechanisms of PASC may elucidate mechanisms of ME/CFS (Komaroff and Bateman, 2021; Komaroff and Lipkin, 2021; Choutka et al., 2022; Sukocheva et al., 2022). Recognizing these commonalities, several studies have documented dysautonomia and cognitive impairment in ME/CFS and PASC (Cook et al., 2017; Lee et al., 2020; Davis et al., 2021; Goodman et al., 2021; Wirth et al., 2021; Carmona-Torre et al., 2022; Gaglio et al., 2022; Natelson et al., 2022; Vernon et al., 2022; Walitt and Johnson, 2022; Jammoul et al., 2023). There is a consistent finding of a link between orthostatic intolerance and cerebral hypoperfusion causing corresponding cognitive deficits. This study is one of the first large scale, clinical research, time series analyses to compare short illness duration ME/CFS patients with PASC patients. Since OI is one of the common symptoms experienced by post-infection ME/CFS and PASC patients, we hypothesize that cerebral hypoperfusion that occurs from orthostatic challenge causes decreased cognitive efficiency and slower reaction times.

Orthostatic challenge is a test of venous return, atrial pre-load and ventricular filling. When a person moves from a lying to a standing position, blood pools in the lower extremities causing a drop in blood pressure that rapidly stabilizes in healthy people. PP is normal at 30–40 mmHg and is inappropriately narrow when it is 25% or less of systolic pressure. All cohorts showed an initial drop in PP when moving from lying to standing. Blood pressures stabilized for the remainder of the NLT showing no abnormal narrowing of pulse pressure for either healthy control or the >10 year ME/CFS cohorts. In contrast, PP progressively narrowed for both the PASC and < 4 year ME/CFS cohorts and by 4 and 5 min, PP was less than 25% of SBP. Abnormally narrowed pulse pressures occur in several diseases including heart failure (decreased pump effectiveness), blood loss, (decreased blood volume), aortic stenosis (reduced stroke volume), and cardiac tamponade (decreased filling time) and are due to decreases in systolic pressures while diastolic pressures remain stable (Homan et al., 2022). In contrast, we found that the narrow PP in PASC and < 4 year ME/CFS cohorts was due to a rise in DBP with relatively stable SBP. The mechanistic basis for the elevated DBP and narrowing pulse pressure during the orthostatic challenge is not clear for PASC but we hypothesize it may be a physiologically adaptive mechanism designed to mitigate the physiological stress of hemodynamic challenge. Research on ME/CFS patients indicates hemodynamic changes during orthostatic or exercise challenge results in reduced ventricular filling caused by the peripheral circulatory changes rather than primary cardiopulmonary perturbation (Lee et al., 2020; Singh et al., 2022).

There have been two reports of abnormally narrowed PP due to increased DBP in PASC and ME/CFS patients (van Campen and Visser, 2022; Vernon et al., 2022) but this is the first time narrow PP similar to PASC has been detected in short duration of illness ME/CFS patients. This points to the importance of illness duration studying ME/CFS and PASC. Forty one percent (29/71) of the <4 year ME/CFS cohort were sick for <2 years which makes these patients more comparable from a duration of illness perspective to the patients in the PASC cohort. The hemodynamic and cognitive similarities between the <4 year ME/CFS and PASC cohorts supports the post-viral commonalities and overlap between ME/CFS and PASC. The >10 year cohort experienced no significant hemodynamic changes during the NLT. We suspect that it is because these ME/CFS patients have been sick for a long time and experienced compensatory changes in heart rate in blood pressure response to chronic orthostatic stress even though cerebral perfusion remains abnormal (Shan et al., 2020). Nacul et al. proposed a framework for understanding the natural history of ME/CFS and made a strong case that the longer the disease duration, system abnormalities and cell dysfunction become more pronounced (Nacul et al., 2020).

All disease cohorts started with lower baseline cognitive efficiency prior to orthostatic stressor than the healthy controls and experienced further decrements in cognitive efficiency immediately after the NLT. DANA Brain Vital was designed to detect changes in cognitive function in response to trauma, illness, or exposure to environmental stressors (Lathan et al., 2013) and was effective in detecting the change in cognitive efficiency in response to the orthostatic challenge in this study as well. Slowed reaction time is one of the most sensitive measures of impaired cognitive functioning and is one of the cognitive domains with consistent evidence to be impaired in ME/CFS (Institute of Medicine, 2015; Coffman et al., 2018). Reduced cerebral blood flow due to hemodynamic decompensation during orthostatic challenge may explain why cognitive efficiency worsened immediately after the NLT (van Campen et al., 2020; Vernon et al., 2022). Both PASC and < 4 year ME/CFS cohorts returned to their baseline cognitive efficiency levels which were still below that of healthy controls.

The >10 year ME/CFS cohort had the lowest cognitive efficiency scores even though their hemodynamic response was similar to that of healthy controls. Cerebral perfusion is reduced in the ME/CFS patients and is not explained by a drop in blood pressure (van Campen et al., 2020). Chronic cerebral hypoperfusion is associated with neurocognitive disorders and cognitive impairment (Ciacciarelli et al., 2020) and it is possible that just being in an upright posture contributes to intermittent brain hypoperfusion and cognitive impairment. This could explain why the three disease cohorts all had low baseline cognitive efficiency scores; even coming to the clinic to participate in the study was an orthostatic stress. It is possible that the day 2 and 7 cognitive efficiency scores returned to baseline levels because testing was done at home.

Mediation analysis was used to determine the direct and indirect effects of disease state and orthostatic hemodynamic changes on cognitive impairment in PASC and ME/CFS. There was a significant direct effect of PASC on PRT and GNG cognitive efficiency. Neurological sequelae including cognitive impairment are known to occur following a variety of different viral infections (Clé et al., 2020). There was also a significant indirect effect of PP on GNG cognitive efficiency, implicating reduced cerebral blood flow on executive function. The GNG test targets executive functioning, recording speed and accuracy of targets, and omissions and commissions (Resnick and Lathan, 2016). Furthermore, increased HR in the PASC cohort had a significant indirect effect on PRT cognitive efficiency. The PRT test also targets executive functioning along with decision-making capabilities. Executive function includes processes such as working memory, attention, problem solving, and flexible thinking to successfully execute daily activities and goals. There is substantial evidence of neurologic involvement in acute COVID-19 and PASC (Hingorani et al., 2022) but this is one of the first studies to demonstrate the impact of orthostatic hemodynamic change on cognition in PASC.

Interestingly, there was a significant indirect effect of increased HR on lower PRT cognitive efficiency in the <4 year ME/CFS cohort. The direct effect of ME/CFS disease was not significant and notably, there were no significant effects in the mediation models for the >10 year ME/CFS cohort. This type of cognitive impairment is not explained by anoxic injury to the brain since the markers of tissue damage seen in other diseases characterized by chronic hypoperfusion have not been detected in ME/CFS (Singhal et al., 2002). It is possible that a cognitive impairment could be explained by oxidative stress from repeated ischemia–reperfusion injury that accompanies orthostatic intolerance and occurs from daily living with ME/CFS (Kell and Pretorius, 2022). This underscores the need for early diagnosis of PASC and ME/CFS to mitigate cognitive impairment and improve quality of life.

The predominant white female study population limits generalizing the results of this study to other nonwhite and other gender populations. The significant differences in age and BMI could affect the results of this study. However, that is not likely as the models controlled for sex, BMI, and time since diagnosis, while additionally stratifying by age (<40 and ≥ 40). The NLT is a point-of-care assessment that uses readily available equipment to monitor blood pressure and pulse oximetry that is easily implemented and analyzed in the clinic. However, the use of these methods is prone to user error and can give inaccurate readings as opposed to accurate and objective invasive blood pressure and heart rate monitoring. Since we used last observation carried forward to account for missing hemodynamic data for the most extreme cases, our estimates are likely an underestimate of the actual hemodynamic effects. The lack of deep hemodynamic data limits our ability to extrapolate these findings to specific pathways and pathophysiology.

In conclusion, being sick with PASC together with the accompanying orthostatic intolerance explained decreased cognitive efficiency that affected executive functioning. Poorer cognitive efficiency in ME/CFS patients sick for <4 years was partially associated with the likely adaptive response of elevated heart rate. It appears that the longer the duration of illness with ME/CFS, the more likely cognition is impaired in response to physiological stressors. Whether the cognitive deficits in executive function are stable, waxing-and-waning, or progressive is not known. Regardless, cognitive impairment affects daily life causing problems in remembering, concentrating and decision making. These findings underscore the need for early diagnosis and treatment of ME/CFS and PASC to improve daily cognitive functioning.
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Prolonged periods of sitting at work can increase trunk muscle fatigue from the continuous contraction of deep trunk muscles. Insufficient activity of these muscles can decrease muscular support to the spine and increases stress on its passive structures. This can lead to reduced spinal mobility and impaired postural stability. It may also stimulate nociceptor activity leading to pain. However, frequently used recovery modalities such as muscle strengthening and stretching exercises, can be time-consuming, impractical, and difficult to implement in the workplace. Diaphragmatic breathing exercises, which increase the activity of the deep trunk muscles by raising intra-abdominal pressure, seem to be a suitable alternative. However, little is known as to what extent diaphragmatic breathing exercises contribute to the reduction of fatigue induced by prolonged sitting. This paper presents a study protocol that aims to investigate the acute effect of diaphragmatic breathing exercises on recovery of fatigue-induced changes in spinal mobility and postural stability in sedentary middle-aged adults at risk of developing non-specific low back pain. Twenty sedentary adults aged between 25 and 44 years will perform Abt’s fatigue protocol, followed by 1) active recovery using diaphragmatic breathing exercises and 2) passive recovery in the form of lying on the bed, respectively. There will be 1 week of rest in-between. Pre-fatigue, post-fatigue, and after the active and passive recovery, spinal mobility and postural stability will be evaluated using the spinal mouse device and a posturography system, respectively. The electromyography will be used to determine the muscle-fatigue conditions. We hypothesize that active recovery in a form of diaphragmatic breathing exercises would be more effective in restoring spinal mobility and postural stability followed by the fatigue of back and hamstring muscles compared to passive recovery in sedentary adults. Increasing core and respiratory muscle strength via these exercises could be beneficial for overall mobility and stability of the spine. Reducing compressive stress on the passive structures of the spine may be also beneficial for lowering low back pain. Therefore, we believe that diaphragmatic breathing exercises have the possibility to be incorporated into the workplace and contribute to better back health in sedentary middle-aged adults.
Clinical Trial Registration: [https://www.irct.ir/trial/67015], identifier [IRCT20221126056606N1].
Keywords: electromyography, fatigue, low back pain, sedentary adults, trunk and hamstring muscles
1 INTRODUCTION
Modern life have resulted in sedentary behaviors among human societies (Egger et al., 2001; Jans et al., 2007). These behaviors are characterized by low levels of physical activity and an energy expenditure of at least 1.5 metabolic equivalents (Freire et al., 2022). The daily job is a major factor in adults’ sedentary behavior (Kett and Sichting, 2020). Office workers sit for 6.6–10.0 h per day on average (Kett and Sichting, 2020). Continuous contraction of the trunk muscles during prolonged sitting can lead to deep trunk muscle fatigue (Saiklang et al., 2022). Fatigability depends on both the contractile capability of the muscles involved in the task as well as the capacity of the nervous system to provide adequate activation signals to accomplish it (Zemková et al., 2021a). The decreased muscle contractile efficiency and limited capacity of the nervous system can increase articular structural stiffness, and delay muscle response time (Hamaoui et al., 2004). Thus, spinal loading decreases which plays an important role in the mobility of the spine (Yang et al., 2005).
Spinal mobility depends on two anatomical and physiological factors (Hamaoui et al., 2004). The anatomical factor corresponds to articular structural stiffness and determines the range of motion capacity (Hamaoui et al., 2004; Hamaoui et al., 2007). The physiological factor corresponds to muscular excitation (by delayed muscle response time) and determines dynamic mobility capacity (Hamaoui et al., 2004; Hamaoui et al., 2007). These features of the spine may be influenced by prolonged sitting (Hamaoui et al., 2004). While the first one is related to a decrease in the spine’s range of motion, the second one is related to a decrease in spine velocity (Hamaoui et al., 2004). Assessment using the spinal mouse suggests that spinal mobility may be impaired as a result of fatigue induced by prolonged sitting (Lenková and Vasilišinová, 2019). Decreased spinal mobility leads to abnormal lumbar vertebrae movement as a compensatory mechanism (Sung et al., 2014). This exacerbates facet joint instability and increases the risk of experiencing lower back pain (Sung et al., 2014).
Additionally, the combination of decreased muscle contractile efficiency (Tajali et al., 2022), and decreased capacity of the nervous system including insufficient integration of sensory information, and impaired neuromuscular functions under fatigue can alter feedforward and feedback control of postural sway (Akulwar and Mulgaonkar, 2017; Zemková et al., 2021a). For example, fatigued healthy subjects exposed to external perturbations have shown longer activation latencies, an increase in electromyographic amplitude, reduced muscle activity, and increased co-contraction (Zemková et al., 2021a; Zemková et al., 2021b). Also postural control strategies can be altered by acute back muscle fatigue (Johanson et al., 2011). These strategies are similar in healthy individuals when postural demands increased to those used by people with recurrent low back pain. The Zemkova (2021) study discovered that lumbar muscle fatigue can cause alterations in the lumbar spinal curvature, which may play a functional role in explaining the reduced ability to maintain balance when subjected to external perturbations. To measure spinal mobility, the study employed the spinal mouse, while the balance was evaluated using the posturography system (Zemková et al., 2021a). Such an altered postural stability can cause predisposing agents for musculoskeletal disorders, especially low back pain (Hanna et al., 2019; Zhang et al., 2020; Suresh et al., 2021). Due to the fact that low back pain strongly correlates with trunk muscle corset condition (Jabłońska et al., 2021), there is a need to control and recover trunk muscle fatigue.
The muscle fatigue recovery process refers to a return of the functional capacity of body tissues after the onset of fatigue (Yi et al., 2022). Physical exercises play a pivotal role in early intervention and are usually recommended at workplace (Kaeding et al., 2017). Two frequently employed recovery modality types are compensatory exercises and relaxation exercises, both of which can be beneficial for releasing tension and reducing fatigue in the musculoskeletal system (Soares et al., 2019). Compensatory exercises are referred to as short active breaks, involving the discontinuation of job tasks for exercising, and typically include muscle strengthening, flexibility, stretching, and breathing exercises (Soares et al., 2019). Conversely, relaxation exercises are typically performed at the end of the working day and include flexibility, stretching, breathing, and self-massage exercises (Soares et al., 2019). It might also be combined to complementary therapies representing mind-body interventions, such as acupuncture, yoga, Pilates, progressive muscle relaxation and meditation (Soares et al., 2019). Complementary therapies modality seeks to rehabilitate employees with work-related musculoskeletal disorders according to their individual complaints (Soares et al., 2019). Therefore, these exercises do not serve as a primary preventive measure (Soares et al., 2019). Furthermore, it is important to note that the success of a movement-related intervention is reliant on the motivation and adherence of participants (Kaeding et al., 2017). Therefore, short and sharp interventions are recommended as they have been found to achieve high levels of adherence, with an expected compliance rate of approximately 76% (Bell and Burnett, 2009). However, muscle strengthening, stretching, and flexibility exercises can be time-consuming, impractical, and difficult to implement in the workplace. Employers must provide appropriate locations for exercise at adequate intervals to address these issues. To avoid these shortcomings, one can use diaphragmatic breathing exercises during prolonged sitting periods at the workplace. Diaphragmatic breathing involves the contraction of the diaphragm muscle located between the chest and abdomen, which can improve breathing efficiency and oxygen delivery (Dhalla, 2022). Normal respiration, also known as tidal breathing, is driven by a group of muscles known as the “respiratory pump,” with the diaphragm being the major respiratory muscle (Russo et al., 2017). When the diaphragm contracts during normal inspiration, it pushes on the abdomen and causes the lower ribs to expand outwards, generating a trans-diaphragmatic pressure that allows for ventilation of the lungs and gas exchange (Russo et al., 2017). Expiration is generally passive, but the expiratory muscles become active during increased breathing effort. Studies Vostatek et al. (2013); Russo et al. (2017) have shown that optimal respiration requires active control of the diaphragm, with the lower ribs staying low and only expanding laterally during inspiration, while the abdomen expands instead of the chest. Diaphragmatic breathing has been found to facilitate slow respiration, with trained individuals achieving slower respiratory rates and greater diaphragm excursion during slow breathing (Russo et al., 2017). Correct and balanced diaphragm performance has been shown to help maintain abdominal pressure and smooth respiration (Russo et al., 2017; Hamasaki, 2020). Increasing intra-abdominal pressure in turn causes activation of the abdominal wall and pelvic floor muscles (Rasheed et al., 2021). This muscle activation provide posterior and anterolateral and inferior stability, thus increasing overall spinal stability (Rasheed et al., 2021). Kang et al. (2016) reported that intra-abdominal pressure that is produced by the connection of trunk stabilization and respiratory muscles affects waist stability and protects the trunk. Training of respiratory muscles increases muscle firing, proprioception of the diaphragm, low back musculature, deep core musculature, and respiratory muscle strength (Stephens et al., 2017). This can have a positive effect on spinal mobility and postural stability. For example, physiotherapeutic breathing exercises, like yoga and Pilates, have been found equally effective in improving spinal mobility in healthy young women (Csepregi et al., 2022). In addition, Stephens et al. (Stephens et al., 2017) demonstrated improvement of postural stability after 8-week diaphragmatic breathing exercises in healthy persons. The improvement of static and dynamic balance have been also reported in athletes with chronic low back pain (Otadi et al., 2021).
Breathing exercises are also effective in the treatment of musculoskeletal complaints, such as low back pain (Kang et al., 2016; Ahmadnezhad et al., 2020; Otadi et al., 2021). For instance, the activation patterns of trunk muscles change immediately during the lifting task after performing an abdominal drawing-in exercise in subjects with recurrent low back pain (Suehiro et al., 2021). A session of respiratory muscle training can also reduce the activity of some ankle joint muscles while performing overhead squats in athletes with chronic low back pain (Borujeni and Yalfani, 2020).
Although the effect of diaphragmatic, exhalation, and inspiratory breathing exercises on spinal mobility (Kang et al., 2018; Lenková and Vasilišinová, 2019) and postural stability (Tajali et al., 2022; Stephens et al., 2017; Armstrong et al., 2018; D’souza et al., 2021; Farzami and Anbarian, 2020; Roth et al., 2021; Ferraro et al., 2020) has been investigated, there are no studies dealing with their recovery following by prolonged sitting at the workplace. People exposed to repetitive, prolonged sitting at their work are prone of back problems, especially in late middle-age. There is also growing concern over the effects of sedentary lifestyles on the young people’s health. However, prevention programs for them are rare. This paper presents a study protocol that aims to investigate the acute effect of diaphragmatic breathing exercises on recovery of fatigue-induced changes in spinal mobility and postural stability in sedentary middle-aged adults at risk of developing non-specific low back pain.
2 MATERIALS AND METHODS
2.1 Study design
This experimental pre-post study is designed to investigate the acute effect of diaphragmatic breathing exercises on recovery of fatigue-induced changes in spinal mobility and postural stability in sedentary middle-aged adults at risk of developing non-specific low back pain. This is a study protocol that will be carried out and reported in accordance with the Standard Protocol Items: Recommendations for Interventional Trials statement (SPIRIT). Figure 1 illustrates the study design. The study has been approved by the ethics committee of the Faculty of Physical Education and Sport, Comenius University in Bratislava (No. 5/2022) and the Ethics Committee of Kerman University of Medical Sciences (IR.KMU.REC.1401.386). It also has been approved by Iranian Registry of Clinical Trials (registration reference: IRCT20221126056606N1).
[image: Figure 1]FIGURE 1 | Flow-diagram of the study protocol.
2.2 Participants and setting
This study will be performed on 20 sedentary individuals aged 25–44 years old, at risk of developing non-specific low back pain, who will mainly be employees of university. This effect size is sufficient to determine the significant effects of diaphragmatic breathing exercises on the recovery of spinal mobility and postural stability due to trunk muscles fatigue.
The present study will be performed at the Faculty of Physical Education and Sport, Comenius University in Bratislava, Slovakia.
2.2.1 Inclusion and exclusion criteria
Inclusion criteria for the participants were established as follows: The sedentary middle-aged adults (aged 25–44 years old) at a risk of developing non-specific low back pain, and self-reporting of sitting for at least 2 hours on any working day (Saiklang et al., 2022). Potential participants will be screened for the study using the international physical activity questionnaire (IPAQ) to recognize those who are sedentary and using the Acute LBP Screening Questionnaire (ALBPSQ) to identify those who are at risk of developing non-specific low back pain. The volunteers will be excluded if they meet any of the following criteria: pregnancy (Abboud et al., 2014); history of spinal, femoral, or intra-abdominal surgery in the previous 12 months (Sitthipornvorakul et al., 2015); have been diagnosed with a congenital anomaly of the spine, arthritis, rheumatoid, infection of the spine and discs, spondylolisthesis, ankylosing spondylitis, spondylosis, tumor, systemic lupus erythematosus, or osteoporosis (Sitthipornvorakul et al., 2015); receiving physiotherapy services 1 month before the beginning of the study (Fortun-Rabadan et al., 2021); having suffered any kind of mental health disorder, including anxiety and depression, during the past 3 years (Fortun-Rabadan et al., 2021).
2.2.2 Sample size estimation and sampling method
A prior sample size estimation was done using the G*Power software package (version 3.1.9.7) based on the study by Fonta et al. (2021). The input parameters were as follows: statistical test = repeated measures, within - between interaction; effect size F = 0.25; α err prob = 0.05; and power (1 − β err prob) = 0.80. As a result, the total sample size was calculated to be 11 subjects. In consideration of the possibility of dropouts, a slightly larger number of subjects will be recruited to participate in this study. The total sample size would be approximately 20 subjects.
A purposeful sampling strategy will be used and participants based on their age, sedentary behavior, and other relevant factors that are related to the study’s focus and have been explained in inclusion and exclusion criteria section will be selected.
2.3 Procedures
Each participant will take part in two phases of the experiment including familiarization and data collection.
2.3.1 Familiarization
In the first phase, all subjects will undergo a familiarization session, about 1–2 h before data collection. The study objectives and procedures will be explained to participants and informed consent will be taken from each participant before the study. In the second phase, participants will complete a questionnaire that includes personal and baseline characteristics. Body mass will be measured using a calibrated digital scale, and height will be measured using a single stadiometer. The weight plates used in the trunk muscles fatigue protocol for each participant will be chosen during the familiarization phase. The heaviest weight that participants can perform each exercise 20 times in 40 s in the correct form will be used (Askari and Esmaeili, 2021). During this phase, subjects will be asked to eat their normal meal while avoiding strenuous exercise and performance-enhancing energy drinks for the 48 h prior to data collection sessions (Armstrong et al., 2018).
2.3.1.1 Health and safety considerations
Participants will complete a “health and medical questionnaire” before the study and will be closely monitored by professionals to minimize injury risk. Participants will stop exercises if experience pain or discomfort. Adverse events will be documented and addressed, with modifications to the protocol if necessary.
2.3.2 Data collection
Data from all participants will be collected under three conditions:
1. Pre-fatigue assessment (at baseline),
2. Post-fatigue assessment (immediately after fatigue protocol),
3. Post-recovery modalities assessment (immediately, and 15-min after cessation of active and passive modality, respectively).
Assessing the effects of the intervention at the 15-min follow-up can provide insight into the potential duration of these effects.
All participants will be tested at the same time of day by the same examiners.
The study will involve gathering individual demographic information and outcome data. The study team will enter the questionnaire data into a database and verify its accuracy before using it. All information and outcome data will be kept on password-protected computers that only the authorized members of the study team will be able to access. Data management will outline the procedures for gathering, recording, storing, and archiving data.
2.3.2.1 Primary outcomes for screening
.2.3.2.1.1 International physical activity questionnaire
Potential participants will be screened for the study using the International Physical Activity Questionnaire [IPAQ] to recognize those who are sedentary. The IPAQ is a formal self-report tool used to measure physical activity in one’s normal daily routine (Mehta et al., 2018). This questionnaire is available in two versions, long and short (Demircioğlu et al., 2021). The IPAQ short form (IPAQ-SF) is used to screen physical activity levels in the population at large, while the IPAQ long form (IPAQ-LF) is used in research studies or clinical settings to assess physical activity levels (Mehta et al., 2018). In both versions of the questionnaire, the common objective is to assess the amount and intensity of physical activity an individual participates in per week (Mehta et al., 2018). Each version considers four domains: leisure-time physical activity work-related activities, domestic and gardening activities, and transport-related activities. The long interview administered version of the IPAQ, which contains 27 items in the four domains, will be used in the present study (Mehta et al., 2018). Using the long form, it will be possible to calculate domain-specific scores, activity-specific scores, and continuous scores. The continuous scores, expressed in metabolic equivalent minutes (MET), will be a measure of physical activity. According to these scores subjects will be categorized as engaging in low-, moderate-, or high-level physical activity (Mehta et al., 2018).
.2.3.2.1.2 Acute low back pain screening questionnaire
The Acute Low Back Pain Screening Questionnaire (ALBPSQ) identifies those who are at risk of developing non-specific low back pain. The questionnaire has been endorsed by guidelines from the New Zealand work health authority (Hanna et al., 2019). The level of back pain will be calculated based on the duration and intensity of the pain. A Likert rating scale from 0 (no pain) to 5 (pain as bad as it can get) will be used to assess perceived beliefs about the psychological impact of pain on the participant. Ratings on the scored items will be subsequently summed to determine a total score and domain sum score. A higher rating indicates a higher level of risk.
2.3.2.2 Secondary outcomes for intervention evaluation
.2.3.2.2.1 Assessment of the trunk muscle fatigue
The Delsys Trigno™ wireless EMG system, will be used to record electromyography signals from the trunk and hamstring muscles. These muscles will be the lumbar multifidus at the L5 level, and erector spinae muscles at the L1 level and hamstring muscles. Prior to electrode placement, the skin will be prepared by abrasion and cleaning with alcohol.
For the Multifidus Muscles
⁃ Electrode placement: on the line connecting the caudal tip of the posterior superior iliac spine (SIPS) to the space between L1 and L2, at the level of the spinous process of L5, 2–3 cm from the medial line,
⁃ Inter-electrode distance: 25 mm,
⁃ Clinical test: maximum isometric strength of the back extensor muscles.
For the Longissimus Muscles: erector spinae
⁃ Electrode placement: two fingers apart in a lateral direction from the spinous process L1,
⁃ Inter-electrode distance: 25 mm,
⁃ Clinical test: maximum isometric strength of the back extensor muscles.
For the Hamstring Muscles: medial hamstring
⁃ Electrode placement: The medial hamstring on both lower extremities: the electrode for the medial hamstring will be placed midway between the ischial tuberosity and the medial epicondyle of the tibia,
⁃ Clinical test: maximum isometric strength of the hamstring muscles.
The raw sEMG signals will be recorded at a sampling frequency of 2,000 Hz. Butterworth band-pass filters with a passband of 20 Hz and a stopband of 450 Hz will be applied to remove signals that will not be due to muscle activity. The features of muscle fatigue by EMG are amplitude increase and transformation from a high-frequency spectrum to a low-frequency spectrum. It is assumed that fatigue and recovery are mutually exclusive. Therefore, decrease amplitude and transformation from a low-frequency spectrum to a high-frequency spectrum are features of muscle recovery by EMG. In the present study, the mean amplitude (root mean square, RMS) and the frequency features (mean power frequency, MPF, and median frequency MDF) of the sEMG signals will be used to evaluate muscle fatigue and recovery. To accomplish this, the raw EMG signal will be processed with a fast Fourier transformation to determine the mentioned variables. The fast Fourier transform is a mathematical technique used to transform a time-domain signal into its frequency-domain representation (Mateo and Talavera, 2018).
.2.3.2.2.2 Assessment of the spinal mobility
Intersegmental mobility, overall and regional spinal range of motion will be measured in the sagittal plane in the standing position using a Spinal Mouse device (Csuhai et al., 2020). It is a wireless electronic, and non-invasive skin-surface tool for computer-assisted imaging and radiation-free examination (Post and Leferink, 2004). The Spinal Mouse’s reliability and validity have been established in populations that were healthy and symptomatic, including back pain (Topalidou et al., 2014). Before starting the examination, every subject will be registered in Spinal Mouse software with gender, age and randomly allocated study codes. Subjects will be asked to take three different standing positions: relaxed but erect (not corrected), maximal flexion and maximal extension of the spine. After undressing the upper body, spinous processes will be palpated, and C7 and S3 will be marked with a body-marker. Spinal Mouse will run paravertebrally along the spinous processes of marked segments. It makes the system capable of recording the contour of skin above the vertebral bodies in the sagittal plane. Positions include:
1. Neutral in standing: Subject will be asked to maintain a relaxed position with the feet shoulder width apart, with straight knees and arms by the side, looking and facing straight horizontally towards the wall.
2. Maximal flexion in standing: Subject will be asked to flex the trunk with straight knees as far as possible with slow motion from segment to segment, aiming to touch the ground with fingertips.
3. Maximal extension in standing: Subject will be asked to cross arms in front of the chest and extend the trunk as far as possible, keeping the knees straight, without extension of the cervical spine.
No warm-up will be performed before the examination and each test will be done once (Post and Leferink, 2004). The mobility values of the segments, including range of flexion from upright (U-F), range of extension from upright (U-E) and total range from extension to flexion (E-F), will be measured (Csuhai et al., 2020).
.2.3.3.2.3 Assessment of the postural stability
Participants will be asked to stand barefoot on a force plate with their arms relaxed comfortably at their sides. They will be instructed to stand in an upright position with their feet abducted at 10° and their heels separated mediolaterally by a distance of 6 cm. A series of trials will be conducted in a randomized order under varied conditions: tandem stance on a force plate with eyes open, tandem stance on a force plate with eyes closed, tandem stance on a foam mat (Airex Balance Pad) placed on the force plate with eyes open, tandem stance on a foam mat (Airex Balance Pad) placed on the force plate with eyes closed (Zemková et al., 2016). Subjects will perform one set of 30s under each condition. Short rest periods break will be allowed after every two trials (Zemková et al., 2021c).
Postural stability will be assessed using a FiTRO Sway Check (FiTRONiC, Bratislava, Slovakia). The system measures the actual force in the corners of the force plate and calculates an instant position of the CoP (sampling rate: 100Hz, 12-bit AD signal conversion, resolution of the CoP position: less than 0.1mm, measuring range: 0–1,000/s, non-linearity: ±0.02%FS, combined error: 0.03%, sensitivity: 2 mV/V ± 0.25%, overload capacity: 150%/sensor). FiTRO Sway Check has been shown to have good to excellent reliability of CoP variables, according to a recent study by Zemkova et al. (2021) (Zemková et al., 2021c). The Romberg quotient (eyes closed/eyes open (EC/EO) sway ratio) will also be calculated. Under unstable conditions, variables of postural stability will be registered by using the FiTRO Sway Check (FiTRONiC, Bratislava, Slovakia). The device consists of a square platform supported by four springs with an elasticity coefficient of 40N/mm. Shifting the CoP in the horizontal plane leads to changes of body weight distribution to the four corners of the platform. Force acting in each corner is calculated as a product of the coefficient of elasticity of the spring used and vertical distance measured by means of a fine sensor. The analogue signals are AD-converted and sampled by computer at the rate of 100Hz. Calculations of instant CoP position is based on force distribution to the four corners of the platform. Basic parameters of postural stability (i.e., mean CoP velocity and mean CoP displacements in medio-lateral and anterior-posterior directions) will be analyzed (Zemková et al., 2021c).
2.3.3 Fatigue protocol
The modified Abt protocol will be used in order to induce fatigue of trunk muscles (Abt et al., 2007). The protocol lasts 32 min and consists of four consecutive cycles of eight exercises. Each set consists of exercises in the following order:1) trunk rotation with a medicine ball in a sitting position, 2) prone static torso extension with a medicine ball, 3) lower torso rotation with a medicine ball in a supine position, 4) sit-ups on the incline bench with a weight plate, 5) lateral side binding with a weight plate, 6) lumbar extension rotation with weighted plate, 7) trunk rotation with weighted pulley resistance in standing position, and 8) supine isometric bridge hold. The selection of weight plates for each subject will be performed on a separate day before testing. The heaviest weight with which subjects can perform each exercise 20 times in 40 s in the correct form will be used. Prior to trunk muscle fatigue protocol, a 10- minutes warm-up will be performed including 5 min of insitu warming, and 5 min of aerobic stretching, with an emphasis on the hamstring and trunk muscles. Then fatigue protocol will be started. Subjects will perform 20 repetitions of each exercise in 40 s (each repetition in 2 seconds). A pause of 20 s will be between each exercise. The fatigue protocol will be terminated in two ways: 1) when subjects will be no longer able to continue the fourth set of exercises (the last set) with the correct form, and 2) when the subjects will be unable to perform each repetition in 2 seconds in the last set exercises. To ensure occurrence of fatigue, subjects will be rated on their perceived exertion at the end of each phase of the protocol using the 15-point Borg scale (rank 6–20) (Borg, 1970). The point of six represents the absence of fatigue and point of 17–20 indicates failure to perform exercises. If the subjects in the end of fourth round report number 17 or higher, it means the end of the fatigue protocol. If they will report fewer points, they should perform another round until they report the point 17 (Askari and Esmaeili, 2021).
2.3.4 Recovery modalities
2.3.4.1 Diaphragmatic breathing exercises
Subjects will be in crook lying position. They will be advised to deeply inhale through the nose so that they could see their abdomen expanding. They should hold this position for 5 s and then exhale through mouth. To ensure that the subjects are performing the exercise correctly, they will be instructed to place one hand on their chest and the other on their abdomen. They will be advised to breathe in so deeply that they should feel only the movement of the hand on their abdomen and not that of the hand on their chest. Each subject will perform the assigned exercise 10 times per session. They will take 1-min rest between each session (Rasheed et al., 2021).
2.3.4.2 Passive recovery
The subjects will be asked to lie on a bed in a darkened room and do nothing for 24 min after Abt’s trunk muscle fatigue protocol (Seidi et al., 2019).
2.4 Statistical analysis
Statistical analyses will be carried out using SPSS Statistics (SPSS Statistics Version 24; IBM Corporation©, United States). Prior to statistical comparisons, a Shapiro-Wilk test of normality will be performed for all variables. Not normally distributed data will be analyzed using nonparametric tests. Friedman’s test followed by Dunn’s post hoc test will be used for the comparison of the spinal mobility, postural stability and EMG variables at different assessment times (at baseline, immediately after Abt’s fatigue protocol, immediately after recovery modalities, 15-min after recovery modalities, 30-min after recovery modalities). The Kruskal–Walli’s test will be used for the inter-group comparisons (experimental group A vs. experimental group B) at each assessment. For the normally distributed data, a repeated measures Analysis of Variance (ANOVA) will be performed. Repeated measures ANOVA will be used to confirm if there are differences in each group (within-group comparisons), considering each group in isolation, between the five assessments in each of the spinal mobility variables (at baseline, immediately after Abt’s fatigue protocol, immediately after recovery modalities, 15-min after recovery modalities, 30-min after recovery modalities). To calculate between-group differences from baseline assessment to final follow up, a five-way repeated-measures ANOVA will be performed. With the spinal mobility and/or postural stability and/or EMG variables outcome as dependent factor, with five levels corresponding to every time of assessment (t1, t2, t3, t4, and t5), and the two groups (experimental group A vs. experimental group B) as independent factors. The Bonferroni correction will be applied to control for the increased probability of significant findings due to multiple testing. Between- and within-group effect sizes for all quantitative variables will be measured with the Cohen d coefficient: small effect (less than d = 0.2 and ηp2 = 0.01); moderate effect (approximately d = 0.5 and ηp2 = 0.06); and large effect (greater than d = 0.8 and ηp2 = 0.14) (Cohen, 2013). The α-level will be set to 0.05 for all statistical tests.
3 DISCUSSION
The present study will address the modeling of trunk muscle fatigue and recovery-related changes in spinal mobility and postural stability in sedentary middle-aged adults at risk of developing non-specific low back pain. People who spend most of their working hours seated, due to their work nature, are more susceptible to developing musculoskeletal disorders (Hanna et al., 2019). Low back pain is the most prevalent occupational musculoskeletal disorder (Csuhai et al., 2020; Zemková et al., 2021c). During prolonged sitting, the static loading of the lumbar spine can cause deep trunk muscles fatigue that may arise from continuous contraction of the muscles (Areeudomwong et al., 2012). Consequently, the neural control subsystem attempts to maintain spinal stability by increasing superficial trunk muscles activation in order to compensate for deep trunk muscles dysfunction (Saiklang et al., 2022). Under fatigue, there is an increased activity of superficial trunk muscles which can reduce the muscular support to the spine and increase stress on ligaments and intervertebral discs. Consequently, it reduces intervertebral disc height, leading to impaired spinal mobility. The reduction of disc height increases the amount of compression on sensitive spinal structures. This may stimulate nociceptor activity, which could be one of the reason for developing pain (Saiklang et al., 2022).
In addition to decrease trunk muscle activity under fatigue, proprioceptive sensitivity also decreases by muscle fatigue (Tajali et al., 2022). The combination of these two factors, can lead to impairment of postural stability (Larson and Brown, 2018). Adverse effect of trunk muscle fatigue on ability of maintain balance can be explained by alternation of neurophysiological mechanisms. Repeated muscular contractions caused by mechanical constraints reduce the activity of muscle spindles (Macefield et al., 1991). Motoneurons activation also reduces under fatigue, which results in decreasing of the discharge frequency of sensorial fibers in muscle spindles (Madigan et al., 2006). Thus, the integration of sensory inputs and the firing patterns of motoneurons are influenced, which leads to fewer motor units being recruited to control postural sway (Gribble and Hertel, 2004). Additionally, the central nervous system does not get accurate information about body location in space at any moment due to variations in proprioceptive input brought on by weariness (Martin et al., 2006). Under fatigue, inputs from group III and IV muscle afferents from antagonist or homonymous muscles decrease extensor motor neurons, whilst flexor motor neurons innervations are facilitated (Martin et al., 2006). Especially the fatigue of lumbar extensor muscles decreases the joint movement sense (Taimela et al., 1999), which initially increases larger lumbar motions and subsequently also postural sways (Pline et al., 2005).
The break is recommended to be applied during prolonged sitting at workplace (Waongenngarm et al., 2018). In particular, active breaks in the form of exercise have a positive effect on the recovery of musculoskeletal discomforts (Maciel et al., 2018), mainly low back pain symptoms in employees (Gobbo et al., 2019). The most frequently used are muscle strengthening and stretching exercises (Shariat et al., 2018; del Pozo-Cruz et al., 2013; Macedo et al., 2011; Sufreshtri and Puspitasari, 2020). However, there are some disadvantages when these exercises are performed at workplace. This includes insufficient time to exercise, financial situation and costs, difficult access to on-site gyms and/or exercise classes, fear of being injured, individualization of exercises, and boredom (Mayer et al., 2013; Skrebutėnaitė and Karanauskienė, 2019). Diaphragmatic breathing exercises seem to be a suitable alternative because they are feasible, effective, safe, affordable, and easy to implement. Due to their simplicity and attractivity, people are more motivated and interested to participate in the exercise program.
Breathing exercises are also beneficial for back health. These exercises have been shown to decrease spinal loading by raising intra-abdominal pressure (Shah et al., 2020). Increased intra-abdominal pressure reduces spine compression force (Kwon et al., 2021). This could play an important role in spinal mobility (Yang et al., 2005). Raising intra-abdominal pressure can also activate the pelvic floor and abdominal wall muscles that improve inferior stability and posterior and anterolateral stability (Rasheed et al., 2021). It helps to stabilize the lumbar spine during static (e.g., standing on tiptoes) and dynamic (e.g., walking with head turns) movements that challenge balance (Ferraro et al., 2020). Moreover, the breathing exercises may increase the strength of the diaphragm and deep core musculature. Muscle firing, and proprioception increase through the diaphragm breathing exercise (Stephens et al., 2017). Both an increase core muscle strength and an improvement in proprioceptive function may contribute to better postural stability. An improvement in diaphragmatic breathing pattern may also be considered as another factor associated with improved balance (Stephens et al., 2017). Despite of the fact that postural stability and spinal mobility are related to low back pain (Mellin, 1987; Mellin, 1990; Karimi and Saeidi, 2013; Thakkar and Kumar, 2015), there are no controlled studies that investigated the acute effect of breathing exercises on these abilities in sedentary middle-aged adults at risk of low back pain.
The management of musculoskeletal problems requires a multidisciplinary approach (Sabo et al., 2016). Starting at the earliest moment possible can increase its effectiveness. Prevention is the first step in the management of low back pain, and physical exercise has a primary effect on it (Schaafsma et al., 2015). However, despite all the efforts in studying the effectiveness of exercise based-break at the workplace on the prevention of musculoskeletal disorders, the focus on people at risk of low back pain is limited. In practice, most people who participate in exercise programs already suffer from some kind of back problem (Džubera et al., 2016). Therefore, focusing on prevention programs can avoid serious chronic musculoskeletal disorders in the future. In addition, more active employees are more productive, require less sick leave, and have overall lower healthcare costs (Taulaniemi et al., 2019). For example, Del Pozo-Cruz et al. (del Pozo-Cruz et al., 2012) found that a web-based exercise program could reduce the social cost of low back pain by €500.00 per episode.
Based on the narrative review by Hamasaki (2020), diaphragmatic breathing can potentially improve respiratory function, reduce stress, anxiety, and depression, and enhance cognitive performance (Hamasaki, 2020). It seems that if diaphragmatic breathing exercises are implemented as an active recovery in the workplace, they could ultimately lead to improved productivity and employee wellbeing. However, performing these exercises as a prevention program for low back pain in employees is rare. The results of our ongoing study will contribute to an understanding of the effects of this technique and its potential application in the prevention of low back pain in employees at the workplace.
We believe that the addition of a diaphragmatic breathing exercises as an active recovery can be successfully implemented in workplace conditions. The evidence allows us to propose that these exercises can help to restore postural stability and spinal mobility in sedentary adults following fatigue of the core muscles induced by prolonged sitting. Proposed recovery modalities could contribute to the improvement of back health by reducing trunk muscles fatigue. Due to the fact that these exercises require very few supplies and can be done almost anywhere, we believe that a large portion of the population could benefit from them.
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Theoretical and empirical studies discover that an integrative approach is particularly important in chronic disorders and multiple long-term conditions, such as chronic fatigue. Chronic fatigue syndrome (CFS) is a classic example of a potentially severe, multisystemic illness with a wide diversity of symptoms and the corresponding diagnostic complexity. The prevalence of CFS-like syndromes expanded in the context of the COVID-19 pandemic, increasing the disorder and treatment burden. Thus, this article aimed to draw attention to the possibilities to strengthen the integrative approach to diagnosing and treating chronic disorders and multiple long-term conditions. The main critical success factors identified for integrative approaches were: a holistic approach, that provides a more comprehensive diagnostic and personalized treatment strategy, a multidisciplinary team, and patient engagement. The strengths and weaknesses of these factors were explored and coaching was identified as a potential unifying and reinforcing element. Coaching has a wide spectrum of manifestations clearly representing a holistic approach, that has been successfully used in multidisciplinary team building. Moreover, coaching exposes support addressing the patient engagement issues identified by the Patient Needs-Resources Model (PN-R Model) such as low levels of self-efficacy, optimism, and subjective well-being. Coaching may assist patients to identify and prioritize their goals, becoming aware of their personal resources, developing strategies for managing symptoms, and building skills to increase their self-efficacy and active engagement in the treatment process. Therefore, the authors emphasize coaching as a perspective element of optimization of patient care, that requires additional theoretical and long-term empirical research.

KEYWORDS
 myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), holistic approach, multidisciplinary team, patient engagement, health-related quality of life (HRQoL)


Introduction

Chronic fatigue is manifested in different perspectives – as a complex disorder such as chronic fatigue syndrome (CFS) or myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), or chronic fatigue as a medical condition accompanying other disorders. CFS is a heterogenous disorder of multiple disabling symptoms with complex manifestations in which patients experience a wide range of symptoms that are broadly categorized as neurological, immunological, autonomic and endocrinological (Kujawski et al., 2021). Principal component analyses, utilized to identify symptom subgroups and the relationships with functioning and quality of life, suggested four statistically distinct and clinically meaningful subgroups of symptoms: inflammatory, pain, neurocognitive, and autonomic; all symptom subgroups correlated significantly with measures of fatigue, mood, functioning and quality of life (Jonsjö et al., 2017).

CFS is also characterized by neuro-psychiatric (e.g., depression, irritability, sleep disorders, autonomic symptoms and neurocognitive defects) and physio-somatic (fatigue, a flu-like malaise, hyperalgesia, irritable bowel, muscle pain and tension) symptoms (Maes, 2015). According to a review of case definitions, at least 25 case definitions/diagnostic criteria based on three conceptual factors (aetiology, pathophysiology, and exclusionary disorders) were developed between 1986 and 2020 (Lim and Son, 2020).

Regarding prevalence, ME/CFS affects 0.4% of the population, 25% of which experience the severe and very severe categories; these are defined as being wheelchair-, house-, and bed-bound (Strassheim et al., 2021). CFS spectrum is expanded as a result of the disease caused by the SARS-CoV-2 virus (COVID-19) pandemic and as a concomitant element of long-COVID (Araja et al., 2021; Davis et al., 2021; Friedman et al., 2021; Gaber, 2021; Graham et al., 2021; Jason et al., 2021; Komaroff and Bateman, 2021; Komaroff and Lipkin, 2021; Paul et al., 2021; Poenaru et al., 2021; Simani et al., 2021; Townsend et al., 2021; Wong and Weitzer, 2021; Araja et al., 2022). At the same time, the financial burden increases accordingly. Prior to the COVID-19 pandemic, researchers estimated a United States (U.S.) ME/CFS prevalence of 1.5 million and an annual economic impact of $36–51 billion (Mirin et al., 2022). In 2022, due to the COVID-19 pandemic and its resulting post-acute sequalae, it was estimated that total ME/CFS prevalence could rise to between five and nine million. This would incur an annual U.S. economic impact of $149 to $362 billion in medical expenses and lost income, exclusive of other costs, such as disability benefits, social services, and lost wages of caretakers (Mirin et al., 2022).

Due to difficulties in diagnosing and treating CFS (or ME/CFS), its different manifestations, and its severity, patients are exposed to a significant burden of the disorder. At the same time, the humanistic or patient-centric view argues strongly that populations with physical, developmental or cognitive disabilities – often with related chronic conditions or complex illnesses – endow the concept of healthcare integration with a unique logic and meaning (Kodner and Spreeuwenberg, 2002). Vulnerable individuals, such as the diverse group described above, have complicated and ongoing needs (which frequently are part-medical, part-physical, part-psychological, and part-social), experience difficulties in everyday living, require a mix of services delivered sequentially or simultaneously by multiple providers and receive both cure and care in the home, community and institutional settings (Kodner and Spreeuwenberg, 2002).

Therefore, the authors considered that CFS is a classic example of a disorder in which integrative care should play a key role in the choice and implementation of diagnostic, treatment and care pathways. However, given the slow uptake of this approach in practice, the authors posed a research question within this perspective: what are the critical success factors of an integrative approach in chronic disorders and multiple long-term conditions and how can these be strengthened? Accordingly, this article aimed to explore the possibilities to strengthen the integrative care approach.

After reviewing the theoretical background and practical considerations, the authors came to the intermediate conclusion that a holistic approach, a multidisciplinary team, and patient engagement are the critical success factors for an integrative approach. In order to identify phenomena that could strengthen this triad, the traits of their development were assessed and a potentially strengthening element was identified – coaching, which is characterized by the holistic approach, is applicable for promoting team cohesion and strengthening patients’ personal resources. Coaching, which includes working with a trained professional to set goals, develop strategies, and build skills, has the potential to encourage a holistic approach and improve multidisciplinary team building and patient engagement in the management of chronic disorders such as CFS.



Integrative care for patients with chronic disorders: critical success factors

A contemporary multidisciplinary stakeholder-informed definition of integrative healthcare is generated by Leach et al. (2018), based on a thematic analysis of data drawn from healthcare consumers/providers, integrative healthcare organization webpages, and eligible articles. The consensus is reached on a single definition of integrative healthcare: “Integrative healthcare is a collaborative, coordinated, transdisciplinary, person-centered model of care informed by a holistic model of health and the best available evidence; care is facilitated by an interdependent, multi-disciplinary team of like-minded, biomedical, allied and complementary health professionals that work together in a collegial, non-hierarchical, communicative and respectful environment in order to prevent illness and optimize health, healing, and wellness in individual clients” (Leach et al., 2018).

This definition includes a number of conceptual notions, and each of them is worth exploring in more depth, including the client-centered approach which is not a new concept – it dates back to the 1940s when Rogers described non-directive client-centered therapy (Rogers, 1946). Unlike other therapies in which the skills of the therapist are to be exercised upon the client, in this approach the skills of the therapist are focused on creating a psychological atmosphere in which the client can work with his/her own residing constructive forces whose strength and uniformity have been either entirely unrecognized or grossly underestimated (Rogers, 1946).

Later, in the 1950–1960s, Balint reinforced this approach and introduced the term “patient-centered medicine” which called for examining patients’ psychological needs in addition to their biological symptoms and for a view of the patient as a unique human being, in contrast to “illness-oriented medicine” (Balint, 1955; Balint, 1969). The illness-oriented biomedical model represents the application to the medicine of the classical factor-analytic approach, focuses on the disease, and does not consider patients’ experience of their illness or how their social environment and circumstances affect how they view their illness (Engel, 1980).

In the 1970–1980s, Engel introduced the biopsychosocial model as a scientific model constructed to take into account the missing dimensions of the biomedical model and to promote the holistic health view (Engel, 1980). Since patient-centered approach’s inception, many models and definitions have been proposed in the literature (Gerteis et al., 1993; Mead and Bower, 2000; Stewart et al., 2000; Davis et al., 2005; Epstein et al., 2005; Clayton et al., 2011; Barry and Edgman-Levitan, 2012; Fredericks et al., 2012; Van Berckelaer et al., 2012; Kitson et al., 2013; Stewart et al., 2013; Moreau et al., 2020), although their practical implementation is lagging behind the theory, as this approach requires significant core changes in the norms and expectations for most healthcare systems.

The results of examining the evolution of healthcare integration (Evans et al., 2013) through a review and synthesis of over 25 years of international academic research and literature, demonstrated six major, inter-related shifts in integration strategies: (a) from a focus on horizontal integration to an emphasis on vertical integration; (b) from acute care and institution-centered models of integration to a broader focus on community-based health and social services; (c) from economic arguments for integration to an emphasis on improving quality of care and creating value; (d) from evaluations of integration using an organizational perspective to an emerging interest in patient-centered measures; (e) from a focus on modifying organizational and environmental structures to an emphasis on changing ways of working and influencing underlying cultural attitudes and norms; and (f) from integration for all patients within defined regions to a strategic focus on integrating care for specific populations (Evans et al., 2013). Additionally, it was noted that many of these shifts are a growing recognition of the value of understanding healthcare integration as processes situated in Complex-Adaptive Systems (CAS; Evans et al., 2013). Assuming the healthcare system as a CAS provides additional opportunities for understanding a healthcare system’s functioning, governance, and decision-making (Araja, 2022).

Integrative care is represented mostly in the context of integrated care, which also has many definitions and interpretations that complicate its perception and implementation. There are multiple levels of integrated care, and four levels of health services delivery are investigated more often: the personal, the professional, the management, and the system level (Valentijn et al., 2013; Zonneveld et al., 2020) In addition to the different levels, researchers present two crucial dimensions of integration: systemic integration, which includes the coherence of rules and policies in the healthcare system, and normative integration, which comprises the role of shared values in coordination and collaboration (Valentijn et al., 2013; Valentijn, 2016; Zonneveld et al., 2020).

The integrative approach is most closely linked to the two levels of the integrated healthcare system: the personal (the interaction between patient and care provider) and the professional (the interaction between care providers). The research and thematic analysis performed by Leach et al. (2018) identified seven distinct themes on integrative healthcare, which could be refined into three interrelated and interdependent constructs, as the triad (critical success factors) of integrative healthcare – the client, the team, and the approach to care.

The authors formulated this triad in the framework of the current study as a holistic approach, multidisciplinary team, and patient engagement.



Holistic approach, multidisciplinary team, and patient engagement models

The theoretical framework of the holistic approach is mainly based on Smuts’ concepts defined in the book “Holism and Evolution” (1926), among other insights declared, that “Personality as a whole, as a form, is indeed the highest form of Holism” (Smuts, 1926). Accordingly, holistic medicine concepts have evolved over time, but there remain contradictions with the dominant biomedical paradigm. Value-based healthcare implies that healthcare issues are addressed most effectively with the “physicians in the lead” strategy. However, according to diverse stakeholders, (Malik et al., 2018) “physicians in the lead” strategy does not support a holistic healthcare delivery approach, primarily because of the strong biomedical focus of the physicians. Although physicians can be educated to place more emphasis on holistic outcomes, holistic care delivery requires greater integration and teamwork in the care chain. As different healthcare professions are complementary to each other, a new strategy of a “team in the lead” was suggested to meet the holistic healthcare demands (Malik et al., 2018).

There are positive examples in the literature of multidisciplinary assessment of chronic fatigue, following a holistic approach that is based on the biopsychosocial model (Mariman et al., 2013), but a multidisciplinary team is more often seen in the diagnosis setting than in the treatment process. Also, some findings (Kvarnström, 2008) show difficulties related to the team dynamic that arose when team members acted toward one another as representatives of their professions, difficulties that occurred when the members’ various knowledge contributions interacted in the team, and difficulties related to the influence of the surrounding organization. The perceived consequences of the difficulties, beyond individual consequences, were restrictions on the use of collaborative resources to arrive at a holistic view of the patient’s problem, and barriers to providing patient care and service in the desired manner (Kvarnström, 2008).

Therefore, the authors propose to recognize multidisciplinary team building as a deliberately managed process in the context of human resources (HR) management and co-creation. HR co-creation is a continuous process in which HR and stakeholders optimize value through collaborative efforts to innovate in the design and use of HR practices to better satisfy multiple stakeholders’ needs (Hewett and Shantz, 2021). In the framework of interaction with stakeholders, it is useful to use already established models, such as the Harvard model, (Bondarouk and Brewster, 2016) that detail interactions with different stakeholders, which in the case of chronic diseases will include patients, families, care providers, patient organizations, local authorities, public institutions, scientific representatives and other stakeholders.

At the same time, the authors assume that the patient’s personal resources are the crucial aspect in the co-creation of disease management and recovery. Personal resources mainly include self-efficacy, optimism, and subjective well-being. According to Bandura, the self-efficacy portion of Social Cognitive Theory addresses the origin of self-efficacy beliefs, their structure and functional properties, their diverse effects, the processes through which they work, and how to develop and enlist such beliefs for personal and social change (Bandura, 1997). Optimism refers to the expectancy of a positive outcome that encourages persistence in the face of obstacles, and subjective well-being, in turn, refers to a psychological asset that helps individuals to carry out their objectives in the best psychological conditions (Neveu et al., 2023). The Conservation of Resources theory predicts that resource loss is the principal ingredient in the stress process (Hobfoll, 2001).

Therefore, the common trait of integrative approaches is that they require both a multidisciplinary team and the active engagement of patients in the treatment process. A concept analysis performed by Higgins et al. (2017) revealed four defining attributes of patient engagement: personalization, access, commitment, and therapeutic alliance. Patient engagement is defined as the desire and capability to actively choose to participate in care in a way uniquely appropriate to the individual, in cooperation with a healthcare provider or institution, for the purposes of maximizing outcomes or improving experiences of care (Higgins et al., 2017).

Researchers had proposed different models for patient engagement, one of the most well-known being the Patient Health Engagement Model (PHE Model), developed by Graffigna and colleagues (Graffigna et al., 2014). According to this model, the disease onset has a great influence on the patient’s psychological functioning, and a better balance is expected to be produced among the three experiential dimensions implied in the health management process: think (cognitive level), feel (emotional level), and act (behavioral level) (Graffigna et al., 2014). Other models such as the Patient-derived Model of Patient Engagement via Patient and Family Advisory Councils (PFACs; Dukhanin et al., 2020), the “Ottawa Model” for patient engagement in research (Vanderhout et al., 2022), and Pre-screening Models for Patient Engagement: the MOPEAD project (Boada et al., 2020) are also used. However, it should be noted that, despite the methodological basis, the practical patient engagement process is slowed.



Discussion

The authors assume that current models do not adequately address the crucial aspect – the patient’s personal resources. It is therefore worth paying attention to HR models, such as the Job Demands-Resources (JD-R) model (Demerouti and Bakker, 2011). The JD-R model is a theoretical framework that tries to integrate two fairly independent research traditions: the stress research tradition and the motivation research tradition. According to the JD-R model, job demands are initiators of a health impairment process and job resources (social support, performance feedback, autonomy) are initiators of a motivational process (Demerouti and Bakker, 2011). However, the focus of this model is mostly on the relationship between job demand and job resources, not on personal resources.

Based on the theories observed, the authors propose an option of the Patient Needs-Resources Model (PN-R Model), the conceptual framework of which is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Conceptual framework of the proposed Patient Needs-Resources Model (PN-R Model).


The PN-R Model (Figure 1) suggests that Health-related quality of life (HRQoL) is the dependent variable; Healthcare resources and Personal resources are the independent variables. Accordingly, Patient engagement is a mediator, and Unmet needs – are a moderator. The impact of specific diseases on HRQoL might be taken into account, as for example, ME/CFS can reduce the score of HRQoL by an average of 40 points out of 100, measured by the Visual Analogue Scale (Brenna et al., 2021). Healthcare resources can be defined in the context of the World Health Organization’s healthcare system building blocks: service delivery, health workforce, information, medical technologies, financing, leadership and governance, which are used also in the evaluation of healthcare resilience (Fridell et al., 2020). Unmet medical needs may be related to the availability, accessibility, affordability, and acceptability of healthcare, assessed by Multi-criteria Decision Analysis, and specific needs related to a particular diagnosis or medical condition (Araja, 2018).

The PN-R Model might operate in such a way that, by using healthcare resources and personal resources and being aware of unmet needs, the patient actively engages in a treatment process that improves their HRQoL, which returns as enhanced personal resources. However, in real life, personal resources, which include self-efficacy, optimism, and subjective well-being, are the weakest point in ensuring patient engagement. It should be noted that a person needs energy, strength, and a clear mind to demonstrate self-efficacy, optimism, and subjective well-being, which most often patients do not have, especially chronic fatigue patients.

In this context, and in light of the authors’ performed recent research on the advantages of an integrative approach in the primary healthcare of post-COVID-19 and ME/CFS patients (Araja et al., 2023), the authors suggest that coaching is important in working with chronic fatigue patients. A case study analysis demonstrates significant improvements in the health status of ME/CFS and post-COVID-19 patients assessed by the EuroQol-5D-5L tool (Araja et al., 2023). Current evidence, produced by a systematic review and meta-analysis of randomized controlled trials, suggests also that health coaching could reduce blood pressure, improve dietary behaviors, and increase self-efficacy and awareness among patients in the example of hypertension (Meng et al., 2023) and type-2 diabetes mellitus (Verma et al., 2022). Meta-analyses provide evidence that health coaching reduces both disability and pain in people with chronic low back pain and reduces disability in people with knee osteoarthritis (Prior et al., 2023).

Health coaching is a client-centered approach to engaging users in setting personal goals to achieve positive health behavior changes that lead to improvements in self-care (Clason et al., 2023). Coaching is consistent with Rogers’s non-directive therapy theory assumed that “the capacity of the individual to reorganize his attitudes and behavior in ways not determined by external factors nor by previous elements in his own experience, but determined by his own insight into those factors, is an impressive capacity” (Rogers, 1946). These are realized by the holistic competencies of health coaching: the spirit of health coaching relationship and 50/50 patient/provider partnership in health; patient/client engagement through motivational interviewing and empathy; guiding the agenda and goal setting; communication style; cultural competence; active listening, mindfulness; facilitating behavior change; evidence-based practice interventions for wellness, prevention, and chronic health conditions (Huffman, 2016).

Coaching has the potential to reduce the treatment burden for people with chronic disorders and multiple long-term conditions (Matthews et al., 2023), including chronic fatigue, and facilitate the patient-centered care pathway (Gartner et al., 2022). In light of the strengthening of multidisciplinary team building, the coach acts as a complementary agent of the integrative approach, an implementer of team coaching, and a professional supporter of care providers (Körner et al., 2017, 2018; Rosen et al., 2022; Stephany et al., 2023).

In this article, the authors focused on the problems in patients with chronic diseases and multiple long-term conditions, with the example of chronic fatigue (CFS and ME/CFS), which often has a long time to diagnose, while post-diagnostic treatment is usually symptomatic and generalized. In these circumstances, an integrative approach from the diagnostic stage can both speed up the setting of diagnosis and improve the outcomes of treatment. The scientific literature points to the potential of coaching to strengthen the success factors of integrative care: a holistic approach, multidisciplinary team, and patient engagement. The authors underline the importance of further research on the perspective of coaching in integrated care.
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Background: Fatigue is one of the most common subjective symptoms that impairs daily life and predict health-related events. This study aimed to estimate the prevalence of fatigue in the global population.

Methods: PubMed and the Cochrane Library were used to search for relevant articles from inception to December 31, 2021. Studies with prevalence data of fatigue in the general population were selected and reviewed by three authors independently and cross-checked. Regarding subgroups, adults (≥18 years), minors (<18 years), and specific occupation population (participants in each study being limited to a specific occupational group), and fatigue types and severity, meta-analysis was conducted to produce point estimates and 95% confidence intervals (95% CI).

Results: From the initial 3,432 studies, 91 studies accounting for 115 prevalence data points (623,624 participants) were finally selected. The prevalence of general fatigue (fatigue lasting < 6 months, or fatigue of unspecified duration) was 20.4% (95% CI, 16.7–25.0) in adults, 11.7% (95% CI, 5.2–26.6) in minors, and 42.3% (95% CI, 33.0–54.2) in specific occupations. Chronic fatigue (fatigue lasting more than 6 months) affected 10.1% (95% CI, 8.2–12.5) of adults, 1.5% (95% CI, 0.5–4.7) of minors, and 5.5% (95% CI, 1.4–21.6) of subjects in specific occupations. There was an overall female-predominant prevalence for all subgroup analyses, with a total odds ratio of 1.4 (95% CI, 1.3–1.6). Regarding the severity and presence of medical causes, the total prevalence of moderate fatigue [14.6% (95% CI, 9.8–21.8)] was 2.4-fold that of severe fatigue [6.1% (95% CI, 3.4–11.0)], while unexplained fatigue (fatigue experienced by individuals without any underlying medical condition that can explain the fatigue) was ~2.7-fold that of explained fatigue (fatigue experienced by individuals with a medical condition that can explain the fatigue); as proportion of 40.0% of physical, 8.6% of mental, and 28.4% of mixed cause.

Conclusions: This study has produced the first comprehensive picture of global fatigue prevalence in the general population, which will provide vital reference data contributing to fatigue-related research, including the prevention of diseases.

Systematic review registration: Identifier: CRD42021270498.

KEYWORDS
fatigue, chronic fatigue, prevalence, general population, global population, systematic review, meta-analysis


Background

Fatigue refers to subjective symptoms including tiredness, weakness, lack of energy, and/or inability to concentrate (1). Fatigue can be a physiological response to stressful conditions that disappears after resting (2). However, uncontrolled fatigue (fatigue not relieved with rest), especially chronic fatigue, is a medical issue that impairs health-related quality of life (3) and productivity (4). Fatigue has been demonstrated to have significant economic implications for society (5), with an estimated cost of £1906 per chronic fatigue and chronic for fatigue syndrome (CFS) patient (mean cost for 3 months) in the United Kingdom (6). CFS represents the most severe manifestation within the spectrum of chronic fatigue-related disorders, which is characterized by core symptoms including unrefreshing sleep, post-exertional malaise (PEM), and cognitive dysfunction persisting for a duration of over six months. The economic impact of CFS on patients in the United States has reached a staggering $11,780 per year per patient (7).

In practice, fatigue is one of the top five most frequently presented health complaints in primary care (8) and can be classified by a sustained period or the presence of medical causes (9). Although fatigue is one of the most prevalent complaints in subjects suffering certain diseases, likely prevalence rate 49% in cancer patients (including both undergoing and after treatment) (10), it is also common among people without specific diagnosis (11). Furthermore, fatigue itself may indicate the development of diseases, including cancers (12). A prospective observational cohort study found that 46.9% of adults with a new episode of fatigue were diagnosed with one or more disorders in a year (13). Fatigue in the general population is also related to an increased risk of mortality (odd ratio = 2.14) (14).

Therefore, early assessment of fatigue and proper care can reduce health-related risks and economic costs. To implement proper clinical management for subjects with fatigue, determining epidemiological features, particularly prevalence, is necessary. To date, many studies showed great differences of fatigue prevalence from 4.9% (15) to 67.9% (16) among the general populations. In general, fatigue prevalence can be affected by sex, age, economic status, cultural differences and ethnicity (17–20). Thus far, most systematic reviews of fatigue prevalence have mainly focused on patients with certain diseases (21–23) or CFS (24–26), but to our knowledge, no study has been conducted in the general population.

This study aimed to create a comprehensive overview of the global prevalence and clinical features related to severity and cause of fatigue in general population.



Methods


Study design

To study the epidemiological features of fatigue in the general population worldwide, we systematically reviewed and analyzed fatigue-related data using public databases. This study was conducted according to the International Prospective Register of Systematic Reviews (PROSPERO) after registration (Registration # CRD42021270498).



Data sources and keywords

This study included a search of two databases, PubMed and the Cochrane Library from inception through December 31, 2021. The search keywords were “fatigue” and “prevalence” [MeSH term]. The search terms were “(fatigue[Title]) AND ((Prevalence[Title/Abstract]) OR (Frequency[Title/Abstract]))” in PubMed, while “fatigue[Record Title] AND prevalence[Title Abstract Keyword]” and “fatigue[Record Title] AND frequency[Title Abstract Keyword]” in the Cochrane Library. All languages were included.



Eligibility criteria

Studies were screened using the following inclusion criteria: (1) studies investigating prevalence of fatigue and (2) subjects from the general population or healthy control groups that did not have specific diseases. The exclusion criteria were as follows: (1) lifetime prevalence of fatigue, (2) fatigue measured after any interventions, (3) studies on only emotional or compassion fatigue, (4) a small number of participants (having fewer than 300 adults and minors, and < 100 for specific occupations), and (5) review studies.



Review process and data extraction

First, three authors performed a search and screened all titles and abstracts retrieved. Based on the inclusion criteria, the full texts of the eligible studies were independently reviewed by three authors. All data were cross-checked, and further discussion was conducted with the corresponding author (Son CG) in cases of disagreement to decide. Author contact was attempted to obtain missing data. To assess the quality of the included studies, we employed the Newcastle-Ottawa Scale (NOS), which is commonly utilized in observational studies. We considered studies with a score of 7 or higher to be of high quality (27, 28). The data extracted from each study were as follows: characteristics of participants (total number, age and sex), description and number of fatigue cases, severity or medical cause information for fatigue, study design (cross-sectional/longitudinal), data collection method, fatigue assessment tool and cutoff score used, study period, publication year, and country where study was conducted. The types of fatigue were classified as general or chronic, and each prevalence was recorded. This process was determined by the consensus of researchers through discussion. The definition of fatigue subtypes (encompassing both moderate/severe fatigue and explained/unexplained fatigue) followed the different criteria as chosen by the respective authors or researchers in their original articles.



Data coding and synthesis

The data from each study were subgrouped as follows: characteristics of participants (adults, ≥18 years; minors, < 18 years population; specific occupation), fatigue types (general, chronic), severity of fatigue (moderate, severe), medical cause of fatigue (physical, mental, mixed, drug-induced), data collection method (questionnaire, interview, telephone survey, physician reports), fatigue assessment tool (Chalder Fatigue Questionnaire, Checklist Individual Strength, Clinical Interview Schedule, Fatigue Severity Scale, Self-designed tool, Others), study year (before 2000, 2001–2010, 2011–2020), and continent where study was conducted (Europe, America, Asia, Others).

We categorized fatigue into two primary types: general fatigue, encompassing fatigue lasting < 6 months or fatigue of unspecified duration, and chronic fatigue, which denotes fatigue persisting for more than 6 months. To produce an overall characteristics fatigue prevalence, we employed a hierarchical approach. Therefore, concerning the prevalence of chronic fatigue syndrome (CFS) or CFS-like conditions, we specifically considered studies that provided simultaneous reports on the prevalence of CFS or CFS-like conditions, alongside chronic fatigue. However, we excluded prevalence data that solely focused on CFS or CFS-like illnesses.

Total fatigue includes general and chronic fatigue, while CFS-prevalence were included in that of chronic fatigue. Moreover, if articles contained data for severity-related prevalence, we further conducted binary classification (moderate or severe). We ignored the data for “mild or no” in cases of three stages (mild or no/moderate/severe fatigue).

To avoid duplicate or missing data, if fatigue prevalence was measured over multiple follow-up periods for the same participants, only the first one was included in the data. When several prevalence rates were presented with overlapping participants according to the different definitions of fatigue within a study, the prevalence defined in the broadest sense was used. Otherwise, when a study contained several prevalence rates that did not overlap, the prevalence was calculated by adding the number of participants for each definition. Regarding the analysis of the study year, the midpoint between the start and the end of the study period was used, and in case of no description, 1 year before the publication year was used.



Statistical analysis and meta-analysis

We performed a meta-analysis using a random-effects model to produce point estimates and 95% confidence intervals (95% CI) of fatigue prevalence with subgroup analysis. The reported prevalence from each study underwent a log transformation to improve statistical properties, and pooled estimates were then back-transformed into the original prevalence scale. To account for the potentially high interstudy heterogeneity, the pooled outcome measures and their corresponding 95% CI were calculated using a random-effects model fitted with the restricted maximum likelihood estimator. The I2 statistic was used to evaluate the degree of heterogeneity between studies. All analyses were conducted using the “meta” package (by Guido Schwarzer) in R version 4.2.1. Statistical significance was determined by a hypothesis test for the analysis of differences between groups. In all analyses, p < 0.05 indicated statistical significance.




Results


Characteristics of the included studies

Of the initial 554 studies relevant to our study question, 91 studies (86 cross-sectional; 5 longitudinal) finally met the inclusion criteria and contained a total of 115 prevalence data points (76 general fatigue; 39 chronic fatigue; Figure 1, Supplementary Table 4). According to the results of the quality assessment, 54% (49 studies) were categorized as high quality, while 46% (42 studies) were classified as medium quality. These studies were conducted in 32 different countries beginning with a report from Finland in 1989 (29). The total number of participants was 623,624 (mean ± SD, 5,423 ± 10,992; 547,057 adults, 58,019 minors, and 18,548 specific occupation population, which included 16 occupations). Within the 115 data points, 51 data points had sex information (males 157,220; females 157,971). Thirteen data points had information on fatigue severity (moderate/severe), while 13 data points had information on the medical cause of fatigue (Table 1).


[image: Figure 1]
FIGURE 1
 Flow diagram.



TABLE 1 Characteristics of the included studies.

[image: Table 1]

Most of the studies (85 data points) collected data by questionnaire, and the remaining studies (39 data points) used interviews, telephone surveys, or physician reports. Thirty-six fatigue-assessment tools (including researcher-directed designed tools for 26 data points) were used, including the Chalder Fatigue Questionnaire (CFQ; 34 data points), Checklist Individual Strength [CIS(a); 10 data points], Fatigue Severity Scale (FSS; 6 data points), and Clinical Interview Schedule [CIS(b); 5 data points; Table 1].



Total prevalence rate of fatigue

The meta-analyses showed prevalence rates of 16.4% (95% CI, 13.6–19.9) for total fatigue (115 data points), 24.2% (95% CI, 19.9–29.5) for general fatigue (76 data points), and 7.7% (95% CI, 5.7–10.3) for chronic fatigue (39 data points; Table 2). Adults showed higher fatigue prevalence rates (20.4 and 10.1% for general and chronic fatigue, respectively) than minors (11.7 and 1.5%, respectively). The specific occupation population showed prevalence rates of 42.3% (95% CI, 33.0–54.2) for general fatigue and 5.5% (95% CI, 1.4–21.6) for chronic fatigue. The differences between groups in both types of fatigue were statistically significant (p < 0.05; Figure 2).


TABLE 2 Fatigue prevalence by type and medical cause.
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FIGURE 2
 Fatigue prevalence rate by fatigue type. The bar graph shows the pooled prevalence (%), and the error bar shows the corresponding 95% confidence intervals (95% CI) by the random-effects meta-analysis model. Each dot represents the value of each study included in this analysis.


Regarding sex-related fatigue prevalence (51 data points), total fatigue prevalence was 14.6% in males vs. 18.3% in females which showed female predominant (p = 0.23) with an odds ratio (OR) of 1.4. Prevalence rates for subgroups were 22.0% (male) vs. 27.1% (female) for general fatigue (p = 0.25); 6.6% (male) vs. 8.6% (female) for chronic fatigue (p = 0.35; Figure 3A).


[image: Figure 3]
FIGURE 3
 Fatigue prevalence rate by sex (A) and severity. (B) White (or gray) bar graph indicates the pooled prevalence (%) of moderate fatigue (or severe fatigue), and the error bar shows their corresponding 95% confidence intervals (95% CI) by a random-effects meta-analysis model. Each white (or gray) dot represents the value of each study included in this analysis.




Prevalence rate by fatigue severity

Thirteen data points reported the prevalence by severity (moderate/severe). The total prevalence of moderate fatigue [14.6% (95% CI, 9.8–21.8)] was ~2.4-fold that of severe fatigue [6.1% (95% CI, 3.4–11.0); p < 0.05]. The ratio (moderate to severe) was ~3.6-fold in adults [12.5% (95% CI, 8.3–18.9) vs. 3.5% (95% CI, 1.8–6.9); 8 data points] and 2.2-fold in the specific occupations [34.2% (95% CI, 19.2–60.7) vs. 15.8% (95% CI, 6.3–39.9); 3 data points], while the reverse pattern (0.6-fold) was shown for minors [7.6% (95% CI, 3.1–18.8) vs. 12.9% (95% CI, 5.1–32.5); 2 data points; Figure 3B].



Proportion of medically explained vs. unexplained fatigue

From 13 data points that reported the medical causes explaining the fatigue, the total prevalence of unexplained fatigue [4.1% (95% CI, 2.0–8.5)] was ~2.7-fold that of explained fatigue [1.5% (95% CI, 0.5–4.6); p = 0.13]. In adults (nine data points), the prevalence of unexplained fatigue [7.6% (95% CI, 4.2–13.7)] was 3.3-fold that of explained fatigue [2.3% (95% CI, 0.6–8.6); p = 0.11], while it was 5.0-fold in minors [0.5% (95% CI, 0.4–0.7) vs. 0.1% (95% CI, 0.0–0.9); 2 data points; p = 0.13]. In the specific occupations (2 data points), no notable difference was observed [2.0% (95% CI, 0.3–13.4) vs. 2.4% (95% CI, 0.2–31.4); p = 0.91; Table 2].

Regarding causes of fatigue, 40.0% were attributed to physical causes (three data points), 8.6% to mental causes (one data point), 28.4% to mixed causes (four data points), and 1.0% to drug-induced causes (one data point) in adults, while minor-derived data showed only 16.3% to mixed causes (two data points). In the specific occupations, 46.2% were attributed to physical causes (one data point) and 62.9% to mixed causes (one data point) (Table 2).



Prevalence rate by data collection method and fatigue assessment tool

Fatigue prevalence rates were significantly different among the four data collection methods (p < 0.05). Questionnaire showed the highest prevalence [19.1% (95% CI, 15.7–23.3); 85 data points] followed by interviews [13.0% (95% CI, 8.1–20.7); 25 data points]. In adults, the prevalence rates were similar; interviews [15.8% (95% CI, 10.4–23.9); 19 data points] vs. questionnaires [15.0% (95% CI, 12.3–18.3); 49 data points], followed by telephone surveys [10.9% (95% CI, 6.8–17.5); 9 data points] and physician reports [8.6% (95% CI, 4.8–15.3); 2 data points; Supplementary Table 2].

Among the top four most frequently used fatigue assessment tools, the FSS showed the highest prevalence for total, followed by the CIS (a), CIS (b) and CFQ. The difference between groups was statistically significant (p < 0.05; Supplementary Table 2).



Prevalence rate by continent and study year

Fatigue prevalence rates were significantly different among the continents studied (p < 0.05). For adults, the prevalence rate was highest in Asia [23.5% (95% CI, 13.1–42.2); 13 data points], followed by America [13.3% (95% CI, 9.5–18.7); 15 data points], and Europe [12.7% (95% CI, 10.9–14.8); 37 data points]. For the minors, the prevalence rate was highest in Europe [9.2% (95% CI, 4.1–20.9); 12 data points] and America [1.1% (95% CI, 0.4–3.0); 3 data points; Supplementary Table 3, Supplementary Figure 1].

When we compared fatigue prevalence rates by study year, there was also a significant difference between groups (p < 0.05). For adults, the years 2011–2020 showed the highest prevalence rates [19.8% (95% CI, 14.7–26.6); 15 data points], followed by before 2000 [15.6% (95% CI, 11.7–20.8); 24 data points] and 2001–2010 [12.9% (95% CI, 10.0–16.7); 32 data points; Supplementary Table 3].




Discussion

Fatigue is an evolved sense in human beings to protect the body from deleterious conditions, which could occur in healthy populations (31, 32). Fatigue is frequently neglected by individuals, family members and even medical practitioners (33). However, there are reports that approximately half of the people who complain of fatigue receive one or more diagnoses within a year, including infections, anemia, thyroid dysfunction, diabetes mellitus and cancer (13). Clinically, fatigue is classified by duration, severity, or the existence of underlying disease (2, 34, 35). Commonly, chronic fatigue (≥ 6 months) presents as severe fatigue, leading to notable impairments in daily life, including poor mental health (36, 37). In the present systematic review, the average prevalence of chronic fatigue in whole data was 7.7% (95% CI, 5.7–10.3), while general fatigue (i.e., fatigue lasting < 6 months or with unspecified duration) had an average prevalence of 24.2% (95% CI, 19.9–29.5; Table 2). From the analysis for separately adults and minor population, we found that approximately a quarter and one of ten adults complain general fatigue [20.4%, (95% CI 16.7–25.0)] and chronic fatigue [11.7%, (95% CI 5.2–26.6)]. Meanwhile, one of ten or 50 adolescents presented general fatigue [10.1%, (95% 8.2–12.5)] or chronic fatigue [1.5%, (95% 0.5–4.7); Figure 2].

Fatigue appears in patients with various physical and mental diseases and is frequently not disease-specific but transdiagnostic or generic (38). Therefore, differentiating primary vs. secondary and comorbid fatigue is often a challenge (39). Nine data points indicated the predominant pattern of unexplained fatigue among adults as 3.3-fold that of explained fatigue (7.6 vs. 2.3%). Regarding the proportion of explained fatigue by medical cause, the proportion was high in the order of physical causes, mixed causes, mental causes, and drug-induced causes in total (Table 2). In general, patients with unexplained fatigue are difficult to manage in clinical care and have been reported to have a lower quality of life than those with explained fatigue (33). However, the interpretation of these results is limited because the proportion of each cause was obtained not simultaneously but individually in separate studies.

On the other hand, CFS is the most serious form of unexplained fatigue, as 52%−94% of patients are reported to work only part-time or not at all and are at greater risk of suicide (standardized mortality ratio of 6.85, compared to healthy subjects) (40, 41). No therapeutics or objective diagnostic method exists due to the unexplored etiology and pathophysiology (42). Our previous meta-analysis reported the global prevalence of CFS as 0.89% (95% CI, 0.60–1.33; 34 data points) according to CDC-1994 criteria (43). The present study calculated the proportion of CFS among subjects with chronic fatigue. From 13 data points simultaneously presenting the prevalence of both chronic fatigue and CFS (or CFS-like), 16% of chronic fatigue cases were classified as CFS(-like), which indicated a CFS(-like) prevalence of 1.2% (95% CI, 0.6–2.5) in the general population (Table 1, Supplementary Table 1). The higher prevalence of CFS in the present study than in our previous study (1.2 vs. 0.9%) might result from the inclusion of CFS-like cases in the present study. These data would be practically helpful to clinicians because unexplained chronic fatigue could be a precursor to the development of CFS (44).

Fatigue is usually recognized as a symptom cluster that accompanies other symptoms, such as pain or depression. One study reported that six out of 10 members of the general population with fatigue had pain or depression at the same time (45). These comorbid symptoms are linked to the severity of fatigue, so the guidelines for the management of fatigue recommend assessing the severity of fatigue, not just the presence of fatigue (46). In the present study, we found that moderate fatigue [14.6% (95% CI, 9.8–21.8)] accounts for 2.4-fold the prevalence of severe fatigue [6.1% (95% CI, 3.4–11.0)], similar to the pattern in most of our subgroup data, except for the minor group (1.7-fold more severe than moderate fatigue prevalence; Figure 3B). A longitudinal study showed the medical impact of severe fatigue in adolescents; 42.1% of them were diagnosed with chronic fatigue at follow-up, and they had an increased risk for the development of depression, anxiety, and CFS-related symptoms (47). The reason that the minors has more severe fatigue than moderate fatigue in present study is unclear due to the inadequate number of related studies; accordingly, our findings require caution in interpretation.

It is known that female sex and specific occupations contribute to fatigue prevalence (48, 49). Our results showed the predominance of females over males in fatigue prevalence as a 1.4 OR (95% CI, 1.3–1.6) in total and as very similar in all subgroups (Figure 3A). One proposed reason for female-predominant fatigue is an inflammatory model, rendering females more vulnerable to the detrimental effects of immune-driven behavioral changes (including fatigue, worsened mood and pain sensitivity) (50). In addition, psychosocial factors indicative of poor mental health and gender inequality can make such a difference (18, 51). As we expect, subjects working in 16 different occupations (e.g., nurses, pilots, medical workers, etc.) showed a 2.3-fold higher prevalence of total fatigue than the adult group (Figure 2). Job-related factors, including long shift hours or psychosocial work characteristics, are associated with greater fatigue (52, 53). Based on the independent risk factors for being injured in an occupational accident, fatigue in a specific occupation should be further stressed (54). Alongside gender and environmental vulnerabilities, genetic background also contributes to fatigue prevalence (55). When we analyzed data from three continents, the prevalence of fatigue in the Asian population was noticeably high, nearly twice that of the European and American populations (Supplementary Table 3, Supplementary Figure 1). Such differences across continents could be explained not only by ethnicity (56) but also by various sociodemographic features (20).

Researchers conducted many systematic reviews on fatigue prevalence, then they mainly targeted disease populations so far. This study has several limitations that need to be acknowledged. Firstly, the research was conducted using only two databases. Additionally, due to the significant heterogeneity in the fatigue measurement tools employed across studies, standardization was not feasible. Furthermore, the amount of available data for analyzing the severity and causality of fatigue was insufficient, which could impact the comprehensiveness of our conclusions. Nevertheless, to the best of our knowledge, this is the first systematic review and meta-analysis to explore the epidemiologic features of the fatigue prevalence rate in the general population worldwide.



Conclusions

Based on the increasing health-related impact of fatigue and chronic fatigue, these results provide a valuable reference for numerous medical fields and for the prevention of diseases. The global population of 15.1% (adults) and 6.0% (minors) complain fatigue, while 10.1% of adults and 1.5% of minors are suffering from chronic fatigue, respectively. Along with 1.4-fold female-predominant prevalence, the prevalence of medically unexplained fatigue is 2.7-fold higher than explained fatigue.
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Objectives: Although public stigma imposes a great burden on those affected with manifold negative consequence there is not much known about public stigma related to fatigue. Therefore, this study addresses the following research questions: (1) What is the magnitude of public stigma toward individuals with fatigue? (2) Are there differences in public stigma depending on the social characteristics of the affected person (sex, occupation, and migration)?

Methods: Analyses are based on a national telephone survey in Germany (N = 1,209). A vignette describing a person with symptoms of fatigue was presented to the respondents. Vignettes were varied according to sex, occupational status, and migration status. Stigma toward the person presented in the vignette was measured by stereotypes and negative emotional reactions (anger).

Results: Of the stereotypes under study, “hypersensitive” was most frequently endorsed by the respondents (35.7%), followed by “weak will” (27.2%). About 15–20% of the respondents agreed that they react with anger, annoyance or incomprehension. There were considerable differences in fatigue stigma according to the social characteristics of the affected person. In two social groups public stigma was particularly pronounced: (1) male persons with a low occupational status and a migration background; (2) female persons with a high occupational status and without a migration status. In contrast, women with a low occupational status and a migration background were less stigmatized.

Conclusion: Individuals suffering from fatigue symptoms are confronted with stereotypes and negative emotional reactions by the public. Magnitude of public stigma considerably varies according to social characteristics of the afflicted person. Future studies should consider applying an intersectional approach to identify groups that are at risk of multiple stigma.

KEYWORDS
 fatigue, public stigma, stereotypes, anger, intersectionality, social inequalities, SOMA.SOC


Introduction

According to Link and Phelan (2001), stigma is defined as a process in which labeling, stereotyping, status loss and discrimination co-occur in a situation where power is exercised. Public stigma is usually assessed by different beliefs endorsed by the general population, such as the ascription of attributes (stereotypes), emotional response upon meeting an afflicted person (e.g., anger or fear) or the desire to socially distance oneself (Knesebeck et al., 2015). Public stigma imposes a great burden on those affected with negative consequences for their health (Alvarez-Galvez and Salvador-Carulla, 2013; Schomerus et al., 2015) and help-seeking behavior (Griffiths et al., 2011; Clement et al., 2015). Moreover, stigma can be a barrier that impedes diagnosis of somatoform and related disorders (Murray et al., 2016).

Many somatic symptoms cannot exclusively ascribed to somatic diseases (e.g., vascular or inflammatory disease) or mental disorders (e.g., depressive or anxiety disorders) (Löwe et al., 2022). In this regard, a dualistic view classifying symptoms as either somatic or psychological is often inappropriate. With reference to the description of bodily distress disorder in the International Classification of Diseases, 11th edition (World Health Organization, 2023), persistent somatic symptoms are defined as being present on most days for at least several months. Fatigue is a persistent somatic symptom with an estimated prevalence of about 30% among adults in Germany (Kocalevent et al., 2011). It can be expected that this prevalence has increased in the last years as fatigue is a frequent symptom of long COVID (Global Burden of Disease Long COVID Collaborators, 2022). It has been reported that persons afflicted by fatigue symptoms may carry a burden of stigma because their symptoms are poorly understood and often unrecognized or unacknowledged by health professionals and the public (Green et al., 1999; Jason et al., 2004). Most empirical studies examining stigma related to fatigue primarily focus on perceived or anticipated stigma, and not on public stigma. In these studies, patients are asked whether they experienced or anticipate to be stigmatized because of their symptoms (e.g., Grover et al., 2021; Froehlich et al., 2022). In this regard, a recent review (Ko et al., 2022) explored the differences between patients with a chronic fatigue syndrome (CFS) and patients with comparable explained conditions concerning perceived and experienced stigma. Results based on the two studies (Looper and Kirmayer, 2004; Baken et al., 2018) included in the review showed that patients with CFS experienced higher levels of stigma. One study on public stigma toward people affected by somatic symptom disorder (SSD, Knesebeck et al., 2018) used vignettes that differed regarding main type of symptom (pain vs. fatigue) and existence of an earlier disease (yes vs. no). Results indicated public stigma (stereotypes, negative emotional reactions, and desire for social distance) toward people affected by SSD in Germany. Magnitude of SSD stigma was similar, irrespective of main type of symptom and existence of an earlier disease. Altogether, there is a lack of research on public stigmatizing beliefs toward individuals affected by fatigue.

Many studies look at health-related stigma without considering other (social) conditions that also may be associated with stigmatization (e.g., poverty, low socio-economic status, ethnic minority). The circumstance that individuals potentially belong to more than one stigmatized group is conceptualized as “layered stigma” (Henkel et al., 2008), “multiple stigma” (Makowski et al., 2019), or “intersectional stigma” (Turan et al., 2019). These concepts suggest that a convergence of multiple stigmatized identities within a person or group will result in joint or cumulative effects. Empirical studies examining this hypothesis yielded mixed findings (Grollman, 2015; Knesebeck et al., 2017; Makowski et al., 2019; Turan et al., 2019). Women, ethnic minorities and people with a low socio-economic status (SES) are often mentioned groups potentially affected by layered stigma (Gary, 2005; Henkel et al., 2008; Pecosolido and Martin, 2015; Turan et al., 2019). However, to our knowledge there is no study that empirically analyses whether individuals belonging to these groups and afflicted by fatigue are confronted with multiple stigma. Therefore, we address the following research questions: (1) What is the magnitude of public stigma in terms of stereotypes and anger toward individuals with fatigue? (2) Are there differences in public stigma depending on the social characteristics of the affected person (sex, occupation, and migration)?



Materials and methods


Study design and sample

Analyses are based on cross-sectional data collected between March and May 2022 via a telephone survey (computer assisted telephone interview) of the adult population (age ≥ 18 years) living in Germany. About 70% of the sample was drawn from all registered private telephone numbers at random, additional computer-generated numbers allowed for inclusion of ex-directory households (landline numbers). The other 30% of the sample consisted of randomly generated mobile phone numbers (Random Digit Dialling). For a random selection of participants in the households, the Kish-Selection Grid was applied (Kish, 1949). Oral informed consent was given in the beginning of the interview. In total, N = 2,413 individuals participated in the survey, reflecting a response rate of 45%. To gain a representative sample of the adult population living in Germany, the data set was weighted. Comparison of sociodemographic characteristics of the sample with official statistics indicates that distribution of age, gender, and education is similar to the general adult population in Germany.

The survey is part of a project on social inequalities in aggravating factors of persistent somatic symptoms (SOMA.SOC, Knesebeck et al., 2023) which is embedded in the Research Unit 5211 “Persistent SOMAtic Symptoms ACROSS Diseases: From Risk Factors to Modification (SOMACROSS)” (Löwe et al., 2022). The study design was approved by the Ethics Commission of the Hamburg Medical Chamber (No. 2020-10194-BO-ff).



Vignettes

At the beginning of the interviews, a vignette describing a person with symptoms of fatigue or irritable bowel syndrome (IBS) was presented to the respondents in the survey. We chose these two specific conditions as they appear relatively frequently in the German population and other projects of the research unit also focussed on fatigue and IBS. Vignettes were developed with the input of clinicians (colleagues of the SOMACROSS research unit, i.e., specialists from psychosomatic, general and internal medicine) considering typical symptoms described in the International Classification of Diseases (DIMDI, 2019). One of the two vignettes (fatigue or IBS) was randomly assigned to half of the sample, respectively. As the following analyses will focus on fatigue, half of the total sample (n = 1,209) will be used. In terms of the fatigue vignette, different symptoms like exhaustion, weakness, and cognitive limitations were described (DIMDI, 2019; AWMF, 2022, please see Appendix). To examine differences in public stigma, vignettes were varied according to sex (male/female), occupational status (high/low), and migration status (yes/no). Thus, eight different fatigue vignettes were used (please see Table 1) that each were randomly assigned to about 150 respondents (i.e., about 12.5% of the analysed sample). A sample size of n = 150 per vignette allowed for the detection of small to medium differences (statistical power 80%, Type-I error = 0.05). In terms of migration status, the person in the vignette had a Turkish name and it is said that the person came from Turkey to Germany 10 years ago. Turkey was chosen as country of origin because about 2.9 million inhabitants in Germany with a Turkish background are forming the largest migrant group (Schürer, 2018). In the high occupational status vignette, it is said that the respective person is a lawyer and in the low status vignette the person is a cleaner. The vignettes were audio-recorded with a trained speaker with a clear voice. In order to increase reliability and to neutralize possible interviewer-associated effects, this file was presented to the respondents directly from the computer via telephone line. We used unlabelled vignettes, i.e., the respondents were not informed that the person in the vignette had fatigue.



TABLE 1 Eight variations of the fatigue vignette presented in the survey.
[image: Table1]



Indicators

To assess stigma toward the person presented in the vignette, two components of the stigma process [1] were considered: stereotypes and negative emotional reactions (anger). In terms of stereotypes, respondents were asked to indicate to what extent they agree or disagree with the following statements (McLoed et al., 2007; Angermeyer et al., 2013; Knesebeck et al., 2018) on a four-point Likert scale: (1) “People with symptoms like Mrs./Mr. E. are hypersensitive.” (2) “Mrs./Mr. E. does not have a real disease.” (3) “A possible cause for the symptoms of Mrs./Mr. E. is a weak will.” Based on a study of Angermeyer and Matschinger (2003), three items (“I react angrily.,” “I feel annoyed by this person.,” and “I react with incomprehension.”) were used to assess anger reactions. Again, responses were given on a four-point Likert scale ranging from “completely agree” to “completely disagree.” As in previous studies (Angermeyer and Matschinger, 2003; Knesebeck et al., 2018), the items were summed up to build an anger scale (range 0–9; Cronbach’s Alpha 0.71).



Analyses

Pearson’s chi-square test (items) and analyses of variance (scale) were applied to test differences in stigma toward male vs. female, migrant vs. non-migrant, and high vs. low occupational status persons with fatigue. For the chi-square tests, the items were dichotomized to compare agreement (yes/no) between the subgroups. In terms of the scale (anger), the corresponding items were summed up. Percentages (items), means as well as standard errors (scale) and significances (p-values) are reported. Statistical procedures were performed with the statistical program package SPSS 27.




Results

A description of the socio-demographic characteristics of the used sample is shown in Table 2. About 27% of the respondents completely or rather agreed that a possible cause for the symptoms of the person depicted in the vignette is a weak will (Figure 1). About 14% agreed that the person in the vignette does not have a real disease, and more than 1/3 indicated that the person is hypersensitive. In terms of emotional reactions, about 15–20% of the respondents agreed that they react with anger, annoyance or incomprehension in case of a person showing symptoms of fatigue.



TABLE 2 Sample description.
[image: Table2]
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FIGURE 1
 Distribution of the public stigma indicators (n = 1,209).


Table 3 shows that, in case of a male vignette, significantly more respondents agreed that the person is hypersensitive. Also, more respondents reacted with incomprehension in case of the male vignette. However, when the person in the vignette was female, significantly more respondents felt annoyed. In terms of migration background, there were two significant differences in public stigma: Attribution to a weak will and anger reactions were less pronounced when the person with fatigue symptoms was a migrant. With regard to occupational status, significantly more respondents agreed that the person is hypersensitive in case of a lawyer, while more respondents reacted angrily when the depicted person was a cleaner.



TABLE 3 Stigma toward an individual with fatigue depending on social characteristics of the afflicted person in the vignette (sex, migration, occupation).
[image: Table3]

Differences between the eight combinations of the social characteristics depicted in the fatigue vignettes are shown in Table 4. These differences are significant for all indicators of stigma under study (p < 0.05). In terms of weak will, agreement varies between 14.3% (female cleaner with migrant background) and 35.1% (male cleaner with migrant background). 6.3% of the respondents agreed that the person in the vignette does not have a real disease in case of a female cleaner with migrant background, 25.6% agreed for the male counterpart. Variance of agreement was 25.5 to 43.2% for the stereotype ‘hypersensitive’. When the person in the vignette was a male migrant lawyer, 8% reacted angrily, 13.5% less than for the non-migrant counterpart. Variance of those who felt annoyed was from 7.2% (male, non-migrant, lawyer) to 29.6% (female, non-migrant, lawyer). In terms of incomprehension, agreement varied from 10.6 to 27.6% and for the anger sum scale, mean was lowest in case of a male lawyer with a migrant background and highest in case of a female, non-migrant lawyer.



TABLE 4 Stigma toward an individual with fatigue depending on the combination of the social characteristics in the eight vignettes.
[image: Table4]



Discussion

In this study, the magnitude of public stigma in terms of stereotypes and anger toward individuals with fatigue was explored by using a vignette based population survey conducted in Germany. Of the stereotypes under study, “hypersensitive” was most frequently endorsed by the respondents (35.7% completely or rather agreed), followed by “weak will” (27.2% agreement). About 15–20% of the respondents agreed that they react with anger, annoyance or incomprehension in case of a person showing symptoms of fatigue. We additionally analysed differences in stigma depending on the social characteristics of the affected person (sex, occupation, and migration). Accordingly, autochthonous individuals with fatigue were more often stigmatized than those with a Turkish migrant background, while differences according to sex and occupational status (low: cleaner vs. high: lawyer) were inconsistent. A more detailed analysis regarding the combinations of the social characteristics revealed considerable differences between the eight subgroups. In fact, there were differences of about 20% in the endorsement of stereotypes according to the combined social characteristics although the fatigue symptoms described in the vignette were the same. In two social groups public stigma was particularly pronounced: (1) male persons with a low occupational status and a migration background; (2) female persons with a high occupational status and without a migration status. In contrast, women with a low occupational status and a migration background were less stigmatized.

This is one of the first studies analysing public stigma toward people affected by fatigue. There was one previous study with a similar design on public stigma related to SSD (Knesebeck et al., 2018, 2020). Levels of anger reactions as well as endorsement of a weak will were similar to those found in the present study. Our findings can also be compared with previous studies on public stigma toward people with (mental) disorders. In this regard, occurrence of anger reactions was similar in a study on public depression stigma (Knesebeck et al., 2017), while there were lower levels of anger in cases of bulimia nervosa and anorexia nervosa (Makowski et al., 2015). Attribution to a weak will, however, was more pronounced among persons with these eating disorders than in the present study on fatigue. In part, these differences between the results can be explained by varying sample characteristics of the studies. On the other hand, it is known that the magnitude of public stigma varies for different conditions (Pecosolido and Martin, 2015; Knesebeck et al., 2018).

In recent years, it has been claimed that stigma research should pay more attention to multiple social identities and their interaction to influence health-related stigma (Turan et al., 2019). Accordingly, individuals can belong to more than one stigmatized group (e.g., someone who suffers from fatigue and has a deprived social status) and, thus, can be exposed to intersectional or multiple stigma. In this regard, differences according to sex and occupational status in our analyses were inconsistent, while stigmatizing beliefs were less pronounced when the person with fatigue symptoms was a migrant. These findings do not support the hypothesis of multiple stigma which is in line with a previous study focussing on depression stigma (Knesebeck et al., 2017). However, other studies found evidence for multiple stigma. For example, in a study by Makowski et al. (2019), public obesity stigma was more pronounced when the afflicted person has a low socio-economic status. Studies exploring whether respondents showed lower levels of stigma when confronted with a vignette depicting an afflicted person with similar social characteristics like themselves revealed inconsistent results (Makowski et al., 2015; Makowski and Knesebeck, 2017). The role of responders’ social background for stigmatizing attitudes toward affected persons with varying social characteristics should be considered in future studies.

To meet the complex nature of intersectional stigma, we additionally applied an intercategorical approach (Turan et al., 2019) by analysing combinations of the three social characteristics. In doing so, large stigma differences between the eight subgroups were found. In terms of the hypothesis of multiple stigma, inconsistent findings emerged. On the one hand, women with a low occupational status and a migration background were less stigmatized, which contradicts the hypothesis. On the other hand, among male persons with a low occupational status and a migration background, fatigue stigma was particularly pronounced, supporting the hypothesis, at least with regard to migration and socio-economic status. One possible explanation of these inconsistent findings might be that we combined social characteristics (sex, occupation, and migration) representing different horizontal and vertical dimensions of social inequalities. These dimensions can be associated with different forms of discrimination and thus, may be differently connected with disease related stigma. Our results overall indicate that the magnitude of intersectional stigma appears dependent on the combination of the potentially stigmatized social characteristics.

Several limitations should be considered when interpreting present results. In terms of sample quality, 55% of the selected eligible persons refused to participate or were not available and, thus, selection bias cannot be ruled out. On the other hand, comparison of sociodemographic characteristics in the sample with official statistics did not indicate that distribution of age, gender, and education is different from the general adult population in Germany. Although analyses were based on instruments measuring public stigma that were used in previous studies (McLoed et al., 2007; Alvarez-Galvez and Salvador-Carulla, 2013; Angermeyer et al., 2013; Knesebeck et al., 2018), the number and range of indicators of stereotypes and emotional reactions were limited. While the use of vignettes as a standardizing stimulus can be considered established in stigma research, they have to be short to be included into surveys. This affected the presentation of the fatigue symptoms and of the varied social characteristics. The fatigue vignette was developed with the input of clinicians but had to be limited to the major symptoms. Moreover, description of duration of symptoms in the vignette was not substantiated by giving an exact time period. We used unlabelled vignettes, i.e., the respondents were not informed that the person in the vignette had fatigue. Thus, their answers referred only to the described symptoms in the vignette. To distinguish the social groups according to migration and occupational status, only the first sentence in the vignette was varied. Furthermore, only two groups for each of the social characteristics were compared (lawyer vs. cleaner and Turkish migrant background yes vs. no). This must be considered a simplified way to represent aspects of social inequalities. Moreover, other social characteristics of the affected person (e.g., education, religion) that may be relevant for public fatigue stigma, were not considered in the present study. Finally, we cannot exclude that social desirability may have influenced responses regarding stigmatizing attitudes.

It is known that public stigma imposes a great burden on those affected with manifold negative consequences. Results presented here indicate that individuals suffering from fatigue symptoms are confronted with stereotypes and negative emotional reactions by the public. Magnitude of public stigma varies according to social characteristics of the afflicted person. Men with fatigue symptoms, a low occupational status and a migration background seem to be affected by multiple stigma. Future studies analysing public fatigue stigma should consider applying an intersectional approach to identify groups that are at special risk of being stigmatized. In terms of practical implications, three strategies to reduce stigma have been suggested (Corrigan and Penn, 1999): protest or social activism, education of the public, and contact to those affected. A meta-analysis of studies on effects of these anti-stigma approaches came to the result that depending on the target group, education and contact had positive effects on reducing stigma (Corrigan et al., 2012). Our results suggest to consider social characteristics of the affected persons in respective interventions.
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Footnotes

1   Migration history (yes/no), sex (male/female), and occupational status (lawyer/cleaner) were systematically varied, resulting in eight different vignettes (please see also Table 1).
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Appendix

Vignettes (two examples).

Ten years ago, 37-year-old Gülsen E. came to Germany from Turkey and she works as a cleaner.1 She has been suffering from total exhaustion for some time now. She feels constantly tired, weak and lacking concentration despite an increased number of breaks. The troubles restrict Ms. E. very much in her everyday life and sometimes she cannot go to work. A few months ago, she had a virus infection. Current examinations have not provided any indication of a threatening illness.

37-year-old Martin E. works as a lawyer (see footnote 1). He has been suffering from total exhaustion for some time now. He feels constantly tired, weak and lacking concentration despite an increased number of breaks. The troubles restrict Mr. E. very much in his everyday life and sometimes he cannot go to work. A few months ago, he had a virus infection. Current examinations have not provided any indication of a threatening illness.
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Fatigue is one of the most disabling symptoms of Multiple Sclerosis (MS), affecting more than 80% of patients over the disease course. Nevertheless, it has a multi-faceted and complex nature, making its diagnosis, evaluation, and treatment extremely challenging in clinical practice. In the last years, digital supporting tools have emerged to support the care of people with MS. These include not only smartphone or table-based apps, but also wearable devices or novel techniques such as virtual reality. Furthermore, an additional effective and cost-efficient tool for the therapeutic management of people with fatigue is becoming increasingly available. Virtual reality and e-Health are viable and modern tools to both assess and treat fatigue, with a variety of applications and adaptability to patient needs and disability levels. Most importantly, they can be employed in the patient's home setting and can not only bridge clinic visits but also be complementary to the monitoring and treatment means for those MS patients who live far away from healthcare structures. In this narrative review, we discuss the current knowledge and future perspectives in the digital management of fatigue in MS. These may also serve as sources for research of novel digital biomarkers in the identification of disease activity and progression.
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1. Introduction

Multiple Sclerosis (MS) is a chronic inflammatory autoimmune disease of the central nervous system (CNS). The multifactorial pathophysiology of MS leads to demyelination of axons in the CNS affecting every neurological functional system (National Multiple Sclerosis Society, 1991). Consequently, the clinical presentation is extremely heterogeneous including, among several other symptoms, fatigue. Fatigue is one of the most disabling complaints of MS patients, affecting up to 80% over the disease course (Chalah et al., 2015; Rooney et al., 2019; Palotai and Guttmann, 2020; Oliva Ramirez et al., 2021). Patients across every disease phenotype may be affected already in the early stages of the disease, with high interpersonal variability in the quality, frequency, and severity of fatigue (Filippi and Rocca, 2020).

However, management of this symptom is often limited in clinical and scientific practice, even considering its relevance for the care of patients. Therapy success is directly related to a correct assessment and monitoring of fatigue. Objective measures for assessing fatigue beyond the anamnesis have been, nonetheless lacking until the most recent years, as novel outcome measures and tools have emerged (Voigt et al., 2021; Ziemssen and Haase, 2021). These include patient-reported outcome measures as well as several digital tools for the assessment of the disease at several levels. Similarly, effective symptomatic treatment is currently relatively limited as few evidence-based options are available. As pharmacotherapy in the treatment of fatigue is not established, cognitive training and neuro-rehabilitation seem to play a key role in disease management (Sailer et al., 2023).

In this review, we discuss a clinical and digital perspective regarding assessing and managing fatigue. Moreover, we explore the state of the art in the technological field of treating this fundamental symptom from current definitions to diagnosis and discuss procedures used in daily practice (clinical evaluation, EDSS, cognitive and neuropsychological tests). We focused on the critical points and limitations of current procedures and potential improvements through digital tools. In this context, we highlight current and future uses of newer resources such as apps and wearable devices for patient awareness and active management of the disease. The use of digital applications may additionally offer a resource beyond assessment but also for the treatment of patients with fatigue.



2. Current state-of-the-art in fatigue in MS


2.1. Definition and diagnosis

A clear and strict definition of fatigue is fundamental for proper assessment and treatment taking advantage of digital tools. This is, in contrast to several other MS-related symptoms, frequently not clear or standard in clinical practice as a broad spectrum of complaints or features is reported (Mills and Young, 2008). Additionally, several classifications and considerations may apply in the assessment of this symptom.

Mills and Young (2008) defined fatigue in an MS population as a “reversible, motor and cognitive impairment with reduced motivation and desire to rest”.

A broad spectrum of features is described by patients with fatigue, including motor or cognitive dysfunction, lack of motivation, and rest complaints or behavioral responses (e.g., daytime resting, activity avoidance) (Mills and Young, 2008).

When discussing fatigue, a distinction between perceived fatigue and performance fatigability, the two facets contributing to its definition, is of capital importance (Enoka and Duchateau, 2016). In the framework of a neurologic disease such as MS, perceived fatigue represents an individual's perception of tiredness and thus disparity between the energy exerted in an activity and the actual outcome of it. In other words, the energy exerted in overcoming a task is greater than the one the task normally requires (Kluger et al., 2013; Enoka and Duchateau, 2016). Performance fatigability is the actual and measurable physical and cognitive drop in performance due to this state of exhaustion. Consequently, it is important to distinguish between the perception of the patient (perceived fatigue) and the tangible and measurable decrease in performance (performance fatigability). In MS, perceived fatigue can be reported by the patient through a self-assessment-designed questionnaire either at resting state or when carrying out an activity, whereas performance fatigability is preferably estimated during motor effort (e.g., walking long distances). Additionally, the latter can be measured in terms of change in task achievement over some time (Kluger et al., 2013; Enoka and Duchateau, 2016; Linnhoff and Heinze, 2019; Enoka et al., 2021). Additionally, cognitive fatigability (which is documented to decrease attention, processing speed, and memory) has to be differentiated from motor fatigability (which affects the ability to carry out physical tasks) (Enoka and Duchateau, 2016; Harrison et al., 2017).

Some authors also divide fatigue into state and trait fatigue, which is a further definition based on time and change: the former refers to a more acute situation, whereas trait fatigue belongs to a more chronic manifestation of fatigue (Kluger et al., 2013; Linnhoff and Heinze, 2019).

Although fatigue and fatigability essentially result from a central phenomenon (since MS is a disease of the central nervous system), there are some central al peripheral factors to take into consideration when exploring the phenomenology of fatigue. On the one end, central factors related to the pathophysiology of MS include damage to the cortical and subcortical areas, which then show further functional instability as the connectivity and therefore the performance is impaired.

The damage caused in the brain by MS is macro-structural (i.e., brain atrophy and volume loss) and microstructural (e.g., disrupted white matter integrity), involving precise areas of the nervous system (Jameen et al., 2019). In a vicious cycle, the interruption of the white matter (WM) tracts between the brain stem and the brain itself promotes the “neuro-immune reaction”, that is to say, the imbalance between the production of inflammatory cytokines and the inhibition of anti-inflammatory ones (Carandini et al., 2021).

As far as the specific pathophysiological mechanism of MS fatigue, the damage in the cortico-striato-thalamo-cortical loop (CSTCL, represented in Figure 1) seems to play a role in its onset at a central level. This loop conveys high cognitive functions like planning, problem-solving, and goal-setting. The demyelination of such fibers produces a slower transmission rate and a consequent difficulty in carrying on cognitively intense tasks (Jameen et al., 2019; Capone et al., 2020). Monoamines such as dopamine, serotonin, and noradrenaline are other keystones of CNS functional integrity, representing a bridge between the immune and the nervous system. In addition, the meso-cortico-limbic circuit is responsible for carrying dopamine from the ventral tegmental area to the nucleus accumbens, amygdala, hippocampus, and prefrontal cortex. This is also called “the reward pathway” for its importance in motivation and arousal, which lack in fatigued MS patients (Carandini et al., 2021).
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FIGURE 1
 The cortico-striato-thalamo-cortical loop (CSTCL). This circuit involves the cortex, the basal ganglia (striatum, in turn consisting of nucleus accumbens, olfactory tubercule, caudate nucleus, and putamen), and the thalamus and ends up in the cortex. The fibers present in this circuit convey dopamine and glutamine among others. They control cognition and more especially decision-making, problem-solving, and planning. Created with BioRender.com.


On the other hand, peripheral factors involve local muscle activation (Kluger et al., 2013). Nevertheless, this distinction must not be taken as a standard definition, as the perception of fatigue and performance fatigability are intertwined and the physiological processes contributing to these conditions are complex (Enoka and Duchateau, 2016).

At later stages, a smoldering neurodegenerative process, partially driven by early inflammation, results in additional motor and cognitive deterioration (Giovannoni et al., 2022). Local neuro-axonal loss, Wallerian death, demyelination, and autoimmune reaction only partly account for the clinical and functional decline. Chronic inflammatory activity is decisive in determining disease progression and the pathophysiological base of fatigue (Giovannoni et al., 2022).

Finally, some factors responsible for secondary fatigue are depression, sleep deprivation, infections, pain, and adverse reactions to medications (Kluger et al., 2013; Khan et al., 2014; Adibi et al., 2022). Identifying and ruling out these concurring conditions is necessary for the differential diagnosis of primary MS and secondary fatigue (Kluger et al., 2013).



2.2. Impact of fatigue on quality of life

Fatigue is not only present in people with progressive MS but also in the early stages of the disease (Jameen et al., 2019; Rooney et al., 2019; Chang et al., 2023). Young patients with MS, at the peak of their productivity, may complain of this symptom, as up to 40–60% consider fatigue the most disabling MS symptom (Bakshi, 2003; Shah, 2015). Similarly to the MS epidemiology, a higher prevalence of fatigue is observed in women and patients with a higher disability or more active disease (Broch et al., 2021). The poignancy of fatigue as a pivotal symptom of MS is shown in recent literature as the patients regard it as a fundamental element when it comes to the therapy of choice. Tervonen et al. observed how they are more willing to endure an increased rate of relapses and accelerated progression in exchange for alleviating cognitive and physical fatigue. This was especially true when considering the ones who had received their diagnosis more than a decade before (Tervonen et al., 2023).

Fatigue may result in a significant economic burden related to high absence rates at work, unemployment, and the need for disability pensions (Oliva Ramirez et al., 2021). Frequently, it leads to a reduction in working hours and productivity, unemployment, or even early retirement (Braley and Chervin, 2010; Schiavolin et al., 2013; Mäcken et al., 2021). Fatigue may cause working MS patients to quit their jobs around 3 years after the diagnosis (García-Domínguez et al., 2019). Nevertheless, while fatigue has traditionally been considered a prognostic factor for unemployment, recent scientific literature has introduced a counterargument. In particular, emerging evidence highlights cognitive performance fatigability, with a particular emphasis on alertness, as a more potent predictor, in contrast to the self-reported fatigue that individuals with multiple sclerosis might convey through surveys and questionnaires (García-Domínguez et al., 2019; Dettmers et al., 2021; Oliva Ramirez et al., 2021).

Another consequence of fatigue in MS patients is social isolation, as the motivation to have social encounters or even simple conversations may be impaired. Moreover, daily activities such as housekeeping or self-hygiene might represent tremendous efforts. Lack of energy and motivation affects not only motor capability but also cognitive functions, making patients less confident and more dependent on caregivers in general (Penner et al., 2020; Battaglia et al., 2022). Quality of Life (QoL), which can be evaluated through scales like the MSQOL-54 (Multiple Sclerosis Quality of Life) (Janardhan and Bakshi, 2002), is therefore significantly affected by fatigue in MS patients. It is a self-reported questionnaire encompassing their health status. It includes both MS-specific and non-specific items and is a valid instrument to assess the impact of MS on the patient's daily routine (Vickrey et al., 1995). Fatigue has a significant impact on QoL along with the level of disability, as observed by Janardhan and Bakshi (2002). A more recently developed scale is the PROMIS fatigue 8a, a shorter version of the PROMIS scale, retrospectively measuring the specific impact of MS fatigue in 7 days. It is quick to administer, precise, and sensitive to subtle changes in fatigue level, which makes it another useful assessment tool in clinical practice (Kamudoni et al., 2022).



2.3. Traditional assessment of MS fatigue

In clinical care, assessment of fatigue is frequently limited to the patient's clinical history and the classical clinical examination (Sander et al., 2017; Gumus, 2018). In the setting of clinical trials, examinations may be more extensive although still limited, as specific scales or questionnaires have been established to quantify MS symptoms. Following, we describe the most used tools for assessing fatigue. Some of these measures are already taking advantage of digitalization and research advances, as digital devices aid the collection of data.

The EDSS is the most used scale for evaluating disability in MS patients. Through the clinical examination of eight domains (visual, brainstem, pyramidal, cerebellar, sensory, bowel and bladder, cerebral, and ambulatory) the clinician and therefore the clinical researcher can rate the patients' disability on a 1–10 scale. In particular, the Cerebral Functions domain provides an estimation of depression, cognitive dysfunction, and fatigue (Kurtzke, 1983a,b). The evaluation of fatigue is here limited to a single subdomain and rated through an extremely simplified method. A known limitation is the lack of responsiveness and sensitivity of the EDSS to detect disability changes, especially in domains beyond motor dysfunction (Inojosa et al., 2020). Moreover, the focus of the Cerebral Functions domain in the EDSS does not include an extensive analysis of fatigue and its correlates in the patient's life and activities of daily living (Cadavid et al., 2017; Schmidt and Jöstingmeyer, 2019; Dillenseger et al., 2021; Giovannoni et al., 2022).

Patient-reported outcomes (PROs) are evaluations of health status performed by patients themselves (El Gaafary, 2016). Through PROs, they provide an insight into their perception of a symptom (e.g., fatigue) (Bharadia et al., 2022) and therefore assure high test-retest reliability (Inojosa et al., 2020). In the last decade, PRO measures emerged as a relatively effective, simple, and reliable method to assess disability in MS. In the specific evaluation of fatigue, fatigue diaries and numerous scales for the clinical and neuropsychological examination are summarized in Table 1.


TABLE 1 Fatigue scales mostly in use.
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The inclusion of extensive neuropsychological examinations is increasingly gaining importance in the quantification of fatigue and related cognitive manifestations, which are just partially rated in the EDSS (Strober et al., 2019). In the correct setting, neuropsychological tests include some of the most accurate predictors of outcomes related to occupation and the activities of daily living (ADL) in MS (Weber et al., 2019). One of the most established tests is the Symbol Digit Modalities Test (SDMT). The SDMT is a paper-based test in which patients have to pair numbers and symbols as fast as possible, referring to a legend present at the top of the sheet (Benedict et al., 2006). Although the SDMT is not specifically developed for the assessment of fatigue and it cannot replace an extensive neuropsychological assessment, data shows a tendency toward emerging fatigue during cognitively demanding and goal-oriented tasks (Sander et al., 2017; Sandry et al., 2021). Evaluations of fatigue and cognitive function are intrinsically related, and the neuropsychological examination seems to be a valuable resource to properly assess fatigue, cognitive impairment, and psychological-driven complaints. As previously mentioned, it is objective cognitive fatigability that is more predictive of lower employment outcomes in the future of the patients rather than the perception of fatigue. Cognitive fatigability is easily and quickly assessed through TAP (Test for Attention) alertness examinations. The goal of these is to test their sustained attention during tasks requiring processing visual stimuli as quickly as possible. This correlates accurately with fatigue levels and unemployment status after a 3-month rehabilitation (Zangemeister et al., 2020; Dettmers et al., 2021).

Overall, good management of fatigue in MS starts with accurate, continuous, and multimodal monitoring. This includes the PROs and objective data regarding acute symptoms, chronic impairments, and comorbidities (Voigt et al., 2023).



2.4. Traditional management
 
2.4.1. Pharmacological treatment

An extensive discussion of pharmacological and non-pharmacological treatment of fatigue is beyond the scope of this paper. It is however well-known that therapeutic management of fatigue is extremely limited in MS. No consensus is available regarding pharmacological measures as no specific, evidence-based options are available.

The use of DMTs may improve fatigue symptoms, among other neurological deficits, as observational studies including the use of glatiramer acetate, interferon or natalizumab suggest an improvement. However, high-quality evidence including blinded, randomized, controlled trials is lacking (Metz, 2004; Svenningsson et al., 2013; Neuhaus et al., 2021).

Evidence is dispersed, fragmented, and contradictory (Pucci et al., 2007; Jensen et al., 2014), partially due to the not fully understood pathogenesis of fatigue. Several medications have been originally developed for other diseases and tested in MS (e.g., sleep disorders, influenza, Parkinson's, ADHD, etc...) (Zielińska-Nowak et al., 2020; Moss-Morris et al., 2021; Tarasiuk et al., 2022). Amantadin, 4-aminopyridine, and modafinil are, to date, the most often prescribed drugs, although their range of reliability has been low. They comprehend all off-label preparations, being, respectively an antiviral, an anti-spastic, and an anti-narcolepsy drug, and bearing numerous contraindications and side effects (e.g., heart, liver, and kidney damage as well as a potential teratogenic effect for amantadine) (Jensen et al., 2014; Picariello et al., 2022; Deutsche Multiple Sklerose Gesellschaft B e. V., 2023). A few other preparations have been tested to treat fatigue and they are summarized in Table 2.


TABLE 2 Most prescribed drugs against fatigue.
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2.4.2. Non-pharmacological treatment
 
2.4.2.1. Supportive strategies

Supportive approaches such as physical rehabilitation, physiotherapy or aerobic exercises, and relaxing sessions (e.g., yoga) have been proven to relieve patients from MS fatigue (Jensen et al., 2014; Picariello et al., 2022; Deutsche Multiple Sklerose Gesellschaft B e. V., 2023). Occupational, cognitive-behavioral, or psychological therapy may be key in the management of fatigue as handling and anticipating triggers to prevent fatigue can be learned (Picariello et al., 2022) as a way to boost self-determination and confidence (Askari et al., 2022).



2.4.2.2. Transcranial stimulation

Among the more innovative treatment strategies, transcranial and non-invasive brain stimulation (NIBS) emerges as an alternative option. Its basic principle is targeting the somatosensory, post-central, and frontal areas with scalp-attached electrodes and low-current stimulation (Ayache and Chalah, 2018; Bertoli et al., 2023). Further, the immediate benefits observed in the QoL of the fatigued MS patients hint at anodal transcranial direct current stimulation (tDCS) as an innovative therapeutic method for fatigue (Ayache and Chalah, 2018; Linnhoff and Heinze, 2019; Bertoli and Tecchio, 2020; Mortezanejad et al., 2020; Zielińska-Nowak et al., 2020). By targeting the primary somatosensory area, Bertoli et al. also managed to lower fatigue levels thus explaining how the mechanism underlying fatigue is rather central than peripheral. Concluding, the main pathophysiological processes take place in neuronal connectivity rather than at a neuromuscular level (Bertoli et al., 2023).






3. The concept of digital assessment and management of multiple sclerosis fatigue

As mentioned above, several of the currently used measures for the assessment of fatigue are already profiting from digitalization in data collection, as PROs are easily available, or eHealth approaches make them broadly available. Digital tools are also emerging as diagnostic and therapeutic resources, partially self-supervised or with minimal support from caregivers. As MS patients are often diagnosed at the age of 20–40s, they could be the perfect candidates for the implementation of digital tools in the early phases of their disease. Current generations of newly diagnosed patients are already familiar with digital-based activities. Furthermore, they are highly motivated to find solutions to the limitations MS puts ahead of them (Haase et al., 2021; Scholz et al., 2021).

The use of modern digital solutions might represent an efficient way of sharing information between patients and clinicians, who could thereby build a trusted network with their patients and improve “doctor-patient”-relationships. As data may become easily available, quantifiable, and continuous remote monitoring of fatigue would be possible. These network communications might play an important role for patients who live in underserved areas, where the first healthcare structure is usually distant and difficult to reach. Those patients may especially benefit from long-distance medical care through eHealth (De Angelis et al., 2021; Haase et al., 2021; Ziemssen and Haase, 2021). This was evident during the COVID-19 pandemic as regular outpatient visits were frequently not performable due to the lockdown-related restrictions or their fear of being infected. Therefore, eHealth is proposed as an expedient to bridge the temporal and spatial gap between the visits in the clinics (Haase et al., 2021; Scholz et al., 2021; van der Walt et al., 2021; Voigt et al., 2023).

Voigt et al. have envisioned a way to digitally handle patients through artificial intelligence tools: the concept of the “digital twins” consists of collecting all the data regarding the patients in a digital cloud, which the clinician can easily consult. This enables to monitoring of the disease step-by-step and in an individualized manner so that no detail of acute relapse symptomatology or any kind of worsening condition goes lost or overlooked. At the same time, it is a means to include the patients in the clinical pathway, also as far as medications are concerned, intending to predict the future of this “thousand-faces disease” with a custom-made approach (Voigt et al., 2021, 2023). This all can be achieved thanks to a thorough planning of the resources and a following implementation of apps, wearable devices, machine-learning instruments, and data collection and analysis systems (Dillenseger et al., 2021).

However, patient safety and data protection is also an aspect for consideration in digital tools in MS. Digital applications may be regulated in several countries as they may be considered medical devices (van der Walt et al., 2021). Similar definitions are seen both in the United States, through the Food and Drugs Administration (FDA), and in the European Union, via the Medical Device Regulation (MDR). These are seen simplified as instruments, appliances, software, or other articles intended for medical purposes, including, among others, use in diagnosis, treatment, or prevention (Maaß et al., 2022).


3.1. Current implementations in digital fatigue assessment
 
3.1.1. Apps

Health and medical apps are becoming increasingly available in MS, especially considering, as mentioned above, the young age of MS populations at diagnosis (Zayas-Garcia and Cano-de-la-Cuerda, 2018; Howard et al., 2023). Health apps are “software programs on mobile devices that process health-related data on or for their user” (Maaß et al., 2022). These could be used by every individual, including patients, family, or caregivers. If these applications are used for medical purposes, such as early diagnosis, monitoring, or treatment, they could be considered medical apps and further, medical devices.

In Germany, as an example, medical apps are regulated through the Federal Institute of Drugs and Medical Devices with the definition of Digital Health Applications (DiGAs, in German digital Gesundheitsanwendungen). These are HCP-prescribed mobile applications fully financially covered by insurance companies. The German government is still performing thorough licensing processes and studies to regulate DiGAs proposed by different companies, with very restrictive and precise requirements to assure standardized and continuous care, but also personal data protection (Bundesinstitut für Arzneimittel und Medizinprodukte, 2023). This is also the case with several MS-related apps used for the management of fatigue and other clinical complaints. This regulation enables the app owner to feel safe and meanwhile learn content about symptoms and conditions, which are sometimes difficult to access or understand.

The interactive nature of medical apps makes patients feel accompanied in the management of their disease and gives them the advantage of getting notifications and reminders as regards taking medication, asking for prescriptions, and remembering appointments. Financial support from insurance companies makes them an accessible tool for patients, regardless of their financial status or geographical distance from the nearest point of care (Bundesinstitut für Arzneimittel und Medizinprodukte, 2023).

Additionally, clinical experience with these apps is fundamental in the research field, where medical apps can be thoroughly assessed in their advantages and disadvantages, providing collaboration between establishing companies and HCPs (Bundesinstitut für Arzneimittel und Medizinprodukte, 2023). The new era of fatigue treatment begins with its assessment through consistent, standardized, and easy-to-manage resources.

Previously, we discussed the difficulty of building a diagnostic path for fatigue and the utility of fatigue diaries to monitor symptoms, also from the patient's perspective. An automated assessment is in this way a compromise between a steady observation of fatigue and the need for the patient to develop a good insight of this feature of MS. In the following, we discuss apps that demonstrate exemplary practical distance- and home-based evaluation strategies that could also be advantageous for the patient's self-perception and autonomy. Several of these apps have a mixed function including patient education, communication, and administration of medical findings or even neuro-rehabilitation. Currently, further medical apps are in the pipeline for the assessment of fatigue.

A good example of promoting self-tracking is represented by ELEVIDA, a German DiGA established by GAIA (ELEVIDA, 2002; Pöttgen et al., 2018; GAIA AG, 2022; Bundesinstitut für Arzneimittel und Medizinprodukte, 2023). ELEVIDA is specifically designed for MS patients with fatigue in need of special and continuous support. This app involves a digital neuro-rehabilitation (see Table 3) beyond an assessment of fatigue. They can download the app for a limited time based on prescriptions and find exercises, strategies, and virtual dialogues to self-assess and handle fatigue (ELEVIDA, 2002; Pöttgen et al., 2018). It promotes the patient's self-determination and raises awareness on the recognition of one's perception of fatigue, making the experience of e-Health flexible, tailored, and goal-oriented (ELEVIDA, 2002; Dillenseger et al., 2021; GAIA AG, 2022; Stern et al., 2022). The ELEVIDA study carried out by Pöttgen et al. confirmed the beneficial effect of this home-based tool on fatigue levels, with an additional increase in QoL, especially in the cognitive area. A follow-up was also performed, yielding positive results concerning both fatigue and everyday-living efficacy, which must be a primary endpoint in the field of a disabling disease like MS (Pöttgen et al., 2018).


TABLE 3 Summary of the concepts regarding digitalizing MS fatigue assessment and therapy.
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The ElevateMS app is another tool used to continuously assess MS-related symptoms, including fatigue (Pratap et al., 2020). In its pilot study, 62% of patients reported fatigue, and interestingly, fatigue triggers such as high temperature, stress, and late bedtime could be properly documented. Patients were self-tested not only through questionnaires, but also with more clinical-based evaluations such as the finger-tapping, balance test, and a modified version of the SDMT to assess cognitive information processing speed (Pratap et al., 2020). Objective identification of symptoms and triggers beyond a limited subjective feeling could support the development of future therapeutic strategies. Digital health, however, is continuously changing to adapt to the patient's needs (Voigt et al., 2021). MS patients may have vision disturbances, motility disorders, or hearing problems. These limitations need special consideration in the development of apps or software specifically envisioned for them and therefore tailored to address all the different facets of MS. This is particularly considered in the BRISA app, where the patients can fill out brief questionnaires about the symptoms they can regularly report (i.e., bladder dysfunctions, concentration disorders, or fatigue). Even more interestingly, they can rate their disturbances on a scale from 0 to 4 based on a smiley-face scale (where the 0-smiley represents a poorer state and the 4-smiley a better condition). Apart from that, standardized medical questionnaires (like the Modified Fatigue Impact Scale) are required to be filled out every 2 weeks (Fisk et al., 1994a; BRISA, 2022; Mountford et al., 2023). Although the PROs are still the state-of-the-art method to collect data on the symptoms, this digital solution provides a more immediate and intuitive way to communicate one's symptoms, without having to spend long every day on a retrospective questionnaire. Digital health tools must encounter the patient's need for a quick and steady evaluation method, which leaves no room for interpretation or ambiguity (especially for people with cognitive, linguistic, or visual limitations). Mountford et al. (2023) were able to correlate the daily reported disturbances with the PROs and a rather satisfactory compliance rate, even in the elder patient group.

The Energize app has a more educational function. Through seven sections (i.e., MS, Behavior, Thoughts, Emotions, Body, Future, and World), users learn new concepts and engage in interactive activities (Babbage et al., 2019). The content is displayed through videos and animations (e.g., about fatigue, depression, and rest), whereas MS patients can then report pain, sleep disturbances, deconditioning, and other factors contributing to fatigue. Quizzes are also performed to test the knowledge after the learning phases (Babbage et al., 2019; van Kessel et al., 2021). Apps are also useful for documenting interactions and sharing medical information between HCPs and MS patients. For this purpose, apps such as icompanionMS and icobrainMS were developed (Icompanion, 2022; icometrix, 2023). IcompanionMS is a software in which patients report symptoms, learn strategies to manage fatigue, and share their progress with clinicians. HCPs can view MRIs uploaded by patients on the icobrainMS portal. An artificial intelligence system reads the scans and makes a correlation with functional deficits, such as fatigue, quickly available. The app enables long-distance monitoring and assessment of fatigue symptoms and cognitive disturbances through the Quality of Life in Neurological Disorders (Neuro-QoL), a PRO to assess various domains such as cognition, pain, and social performance in MS (Cella et al., 2012). Regular documentation of symptoms and MRIs, supports the observation of minimal changes in the disease course, although protecting data privacy and without requiring additional hardware. Surveyed patients and HCPs reported positive feedback after using this app as it aided in their therapeutic decision-making (Cella et al., 2012; Medina et al., 2019; Van Hecke et al., 2021; Icompanion, 2022; icometrix, 2023).

Digital monitoring and self-monitoring of MS are also the main focus of the Floodlight MS app (F. Hoffmann-La Roche Ltd., 2021). Floodlight MS focuses on cognition, upper extremity function, and mobility. These are measured through brief exercises (e.g., drawing a shape or matching symbols), balance tests, and walking (Mike Baker and van Band, 2023). In the study carried out by Montalban et al., the tests were successfully correlated with the paper-based examinations used in clinical practice, such as the 9-hole Peg Test, SDMT, and Timed 25-foot walk test (Kellor et al., 1971; Benedict et al., 2006; Motl et al., 2017; Montalban et al., 2022). More conclusive data are collected when other devices are connected to the smartphone containing the app (e.g., smartwatch; see wearables). In this sense, monitoring does not only rely on dedicated tests and questionnaires on smartphones but also on passive monitoring, as highlighted by Montalban et al. (2022).



3.1.2. Wearable devices

Not only apps measuring fatigue through questionnaires but also wearable devices have proved to be useful in the continuous monitoring of fatigued MS patients (Sparaco et al., 2018; Tong et al., 2019; Block et al., 2022). These “health technologies” usually have an internet or smartphone connection and therefore allow non-stop collection of data about physiological parameters (e.g., heart rate, sleep levels) and track any kind of physical activities through accelerometers and sensors (Sparaco et al., 2018).

When routinely worn, wearables can deliver useful information about motor activities, which are strongly influenced by fatigue (e.g., gait, balance, social contacts, sports, etc.). These are non-invasive instruments provided with sensors that can be worn daily. Additionally, the patients can retrieve constant feedback and be aware of performance changes (Alexander et al., 2021). These devices convey a measure of objective fatigue, also known as fatigability, which does not necessarily correlate with the retrospective reports represented by the questionnaires (Linnhoff and Heinze, 2019). Furthermore, objective measures give an insight into state fatigue, that is to say, they precisely quantify its severity in a precise instant (Block et al., 2019). Finding a homogenous system to deliver clinically relevant information about a subjective symptom such as fatigue is necessary. Similarly, an overview of the patient's daily limitations, which are not always possible to objectively observe during the visits, may be relevant in future practice (Block et al., 2022).

Currently, several monitoring systems using data collected through varied wearable devices are becoming available, varying from widely used motion-based models (e.g., acceleration, rate of rotation) to complex indirect reference measures (such as heart rate variability, or even electroencephalography, electromyography, or galvanic skin responses. Machine learning is emerging as a tool for understanding these complex data and its relationship with fatigue. A critical point in the implementation of wearables to detect fatigue is the difficulty of relating it to the triggering task when having the patient keep the wearable outside the hospital or laboratory. In other words, as fatigue is usually provoked by a motor or cognitive activity, not knowing the nature of this activity poses a gap in understanding how and when fatigue caves in. This is the reason why supervised monitoring in the laboratory is still more effective than the long-distance, long-term one. Furthermore, the use of physiological signs to gauge fatigue provides quite an objective mean for real-time monitoring at the individual level. However, individuals have a high variability of responding to stress and fatigue, which translates into a scarce homogeneity of retrieved data. Future works should focus on establishing data-collecting models to better phenotype fatigued MS patients (Adão Martins et al., 2021).

Finding a homogenous system to deliver clinically relevant information about a subjective symptom such as fatigue is necessary. Similarly, an overview of the patient's daily limitations, which are not always possible to objectively observe during the visits, may be relevant in future practice (Block et al., 2022).

The importance of passive data collecting, and wearable devices becomes even more evident when it comes to the correlation between fatigue and other factors influencing the QoL, like ADL, social functioning, but also other comorbidities like depression or sleep disorders. Thereby, sensors can, for example, document the amount and quality of sleep and therefore provide insight into a concomitant factor contributing to fatigue as a PRO cannot assess precisely the scope of this type of disturbances (Bradshaw et al., 2017). The helpfulness of wearables ranges from fall risk management to the gathering of biological digital biomarkers in an uninterrupted period of time, aside from the patient's direct involvement or realization (Vandyk et al., 2022). Another possible advantage is a potential reduction of healthcare costs, as continuous and automatic data generation may represent fewer appointments with the practitioners (Dillenseger et al., 2021).

In a recent study, Abbadessa et al. correlated fatigue PROs with fatigue, depression, and ADL with walking endurance in 25 MS patients. They consequently described the influence of fatigue on the maximum amount of steps per day and the correlation of this objective and passive evaluation with subjective and patient-dependent reports, namely personal evaluations of fatigue and related symptoms (Abbadessa et al., 2021).

In a different approach, Chikersal et al. conducted a study involving a smartphone app and sensor (Fitbit) to check the status of the patients during the COVID-19 lockdown, in which they were homebound and social contacts were reduced. Through comparison between digital biomarkers retrieved by these sensors and the MFIS (completed by the patients every 4 weeks), the burden of fatigue and its worsening through social isolation could be reported. Additionally, a significant overlap with depression was demonstrated (Chikersal et al., 2022).

A similar method involved a fatigue diary to fill every day while at the same time wearing a GENEactive smartwatch to passively record the patients' daily physical biomarkers. The approach established by Guo et al. linked data sampled by the sensors (GENEactive smartwatch) with clinical data from the PROs and daily completion of a fatigue diary. From this 1-week pilot study, a significant relationship between fatigue and depression and sleep quality was objectively assessed. This enabled the authors to build different behavioral phenotypes of MS patients, which present various combinations of different symptoms and therefore require different treatments. A step further has been made in the direction of patient-based care (Guo et al., 2021; Activinsights Ltd., 2023).

In conclusion, the relationship between the completion of the questionnaires and device-reported data specifically concerning fatigue revealed that not only the two kinds of measures can be linked but the technological and objective outcome measure is useful to predict the subjective perception of fatigue. This finding might be a sustainable solution to promote the patient's home-based self-assessment independently from the regular visits but also reinforce the clinician's ability to escort the patients into more conscious joint planning of the long-term disease management (Krupp, 1983a; EQ-5D EG, 2009; Tong et al., 2019; EuroQol Research Foundation, 2021).




3.2. Digital neuro-rehabilitation for MS fatigue

Although several studies have examined the use of digital tools for the assessment and treatment of fatigue, especially through mobile apps, clear evidence of digital implementations to target fatigue is relatively scarce. We summarize available evidence for recently developed apps and strategies with virtual reality (VR), as these have been proven to improve the deficits in MS patients. We believe further research may potentially provide insights regarding the use of other digital hardware, such as body scanners, smartwatches, sensors (e.g., gamifying), or wearables in neuro-rehabilitation.


3.2.1. Home-based tools

The crucial focus of developing fatigue-focused software and apps is to demonstrate and strengthen the patients' autonomy. Learning how to recognize the triggering factors and concomitant symptoms with the aid of technological resources is essential to successfully handle or avoid them.

The More Stamina app boosts the patient's self-determination by requiring them to distribute their own resources. MS patients are compelled to autonomously estimate energy levels and motivation to perform given and planned tasks. Based on the activity levels, points can be gathered and through an adaptive interface and game-like design, patients can benefit from positive reinforcement assuring good adherence and participation. They are thereby the active protagonists of their fatigue management through the development of effective energy-distribution strategies (Giunti et al., 2020).

In the Fimo app (Fimo Health GmbH, 2022), home-based digital health support is more steadily conceived: it is an 8-week self-care path, complementary to the one provided by the doctors. It begins with a learning phase about MS and its related fatigue syndrome and then the patients can actively accomplish strategies to overcome it through sports sessions, meditation, relaxation methods, or any kind of action. The cognitive tests provided by this app can be undertaken more often by the patients, who can also report both triggering factors for fatigue and even other kinds of symptoms possibly contributing to a state of discomfort. Besides, the app consists of different steps through which MS patients can finally reconnect to the outside world and have a more efficacious social and work life. As previously mentioned, fatigued MS patients tend to isolate and give up any kind of interaction, fearing the effects fatigue might have on them. An interesting aim of this app is to develop symptom-coping strategies and overcome daily limitations due to fatigue (Mäcken et al., 2021; Fimo Health GmbH, 2022).

Several apps that were primarily developed for the assessment of fatigue in MS patients are also being implemented for neuro-rehabilitation. As mentioned above, the ELEVIDA, Energize, or More Stamina apps could provide innovative management strategies not only for the assessment but also for a self-guided treatment of patients (see Table 3) (ELEVIDA, 2002; Giunti et al., 2018, 2020; Pöttgen et al., 2018; Babbage et al., 2019; van Kessel et al., 2021; Stamina, 2022).

Previously, we discussed the current use of tDCS in the clinical setting. Charvet et al. (2018) discussed in their work the possibility of having it as a home-based neuro-rehabilitation tool. After assessing the disability level through the EDSS and the cognitive functions with the SDMT, participants were treated with a 5-week-long, home-based, HCP-supervised tDCS at home. The target of this stimulation was the dorsolateral prefrontal cortex (DLPFC), a known pathologically relevant area for the onset of fatigue. The study shows how fatigue levels were improved over a short period of time, so it was quickly effective. On top of that, the results proved more significant after 20 sessions compared with the fatigue scores reported by MS patients who received 10 sessions. This lets us hypothesize that tDCS can be a cost-effective and practicable tele-rehabilitation method (Charvet et al., 2018).

Control gained by patients on their condition represents an important step to make them feel in charge of their own situation not only as chronic patients but also as individuals. HCPs are, nevertheless, available and can support them over this monitoring, adding to safety, collaboration, and involvement. The above-mentioned apps can detect daily fluctuations and improvements with the additional benefit of being cost-effective, intuitive in function, and easily updatable and adaptable to the patient's needs and desires (Mäcken et al., 2021).



3.2.2. Virtual reality

VR is a tool for assessing and treating various aspects of MS, including fatigue, as it allows to perform physical but also cognitive rehabilitation, restores neural plasticity, and therefore mends the patients' functional performance, which is severely affected by the pathophysiological damage underlying of fatigue (Leonardi et al., 2021).

On a technical level, non-immersive VR tools comprise task-oriented games without complete isolation, i.e., with computers and a mouse or controllers but no headsets or big screens (Kalron et al., 2022). Semi-immersive VR is achieved through the use of screens of larger dimensions, which usually enable interaction and might also integrate the tracking of movements (Webster et al., 2021; Kalron et al., 2022). Finally, immersive VR is typically delivered through headsets and controllers to perform activities in a fully isolated environment (Cortés-Pérez et al., 2021).

This immersion enhances the patients' involvement, amusement, and finally motivation. This is also valid for the visuo-auditory feedback offered by the system, which is described by Hollywood et al. (2022) as the response to a correctly achieved task by the system itself. Fatigue as a rehabilitation target can be achieved through VR even when the tasks involved include balance and motor performance. Through the head-mounted display, MS patients can only see the virtual surroundings and an avatar reproduction of their body. Without the distractions of the real world and through complete isolation, patients could manage to focus only on the task and restore their memory regarding a specific movement. Importantly, this kind of training must be performed safely in a controlled environment where the patient can be confident that they can move without fear of falling (Ozkul et al., 2020; Yazgan et al., 2020; Hollywood et al., 2022).

The mirror neuron system seems to play a role in this, as the self-representation achieved through VR triggers neuro-plastic connections in the sensory-motor cortical and subcortical areas (Maggio et al., 2019b; Manuli et al., 2020). This provides a prompt and reliable measure of the patient's performance, thus boosting self-awareness and promoting a re-establishment of motor memory. This multisensory experience drives the patient to train further and consequently to gain results from a constant and consistent training program (Maggio et al., 2019b).

Exergaming-based VR, where developing new skills is achieved through actual video games, might be a viable tool to reach the patients' compliance with fatigue-managing programs (Maggio et al., 2019b; Moeinzadeh et al., 2022). Nevertheless, games can also be designed from a rehabilitating perspective and disability-oriented (i.e., serious gaming) (Maggio et al., 2019b). Fatigue plays a role in motor performance and vice versa, in consequently treating or improving the latter aspect, we might retrieve positive results in the former one (Al-Sharman et al., 2019; Yazgan et al., 2020). As observed by Al-Sharman et al., fatigue is a decisive element when planning rehabilitation in the motor domain. By first assessing fatigue and cognition through paper-based tests and then training the motor functions, the impact of the non-motor disability on the physical one was confirmed (Al-Sharman et al., 2019). Ozkul et al. performed an immersive VR-based rehabilitation program targeting balance and mobility but also fatigue. In their study, they used a Microsoft Kinect to collect image analysis data on motion. This data was then handed to the physiotherapist, who adapted the exercise regimen to the patients' capabilities. Lastly, the VR headset presented the virtual environment to the patients, where they carried out the desired task (Ozkul et al., 2020). This example of task- and patient-oriented neuro-rehabilitation method demonstrates how VR can be tailored to the patients.

Pagliari et al. carried out a study involving a VR home-based tele-rehabilitation program accompanied by a clinician's feedback. They witnessed how fatigued MS patients can benefit from VR-based therapy as far as emotional drive is concerned, although they lack the energy to perform simple day-to-day activities. These patients might retrieve so much psychological and physical profit from the therapy that they might eventually go back to work and engage in the social or sports activities they had given up (Pagliari et al., 2021).

A recurring issue in treating MS fatigue is the uneven distribution of resources among the patients, even as far as healthcare structures are concerned. The fact that some of them are already available on the market pictures the future chance to carry out long-distance rehabilitation programs for both upper and lower limbs (Hollywood et al., 2022). An interesting point of view was offered by Manuli et al., who successfully merged digital neuro-rehabilitation through robotics and VR and the Hub-and-Spoke healthcare system, consisting of a central clinic aided by peripheral centers. As a matter of fact, MS patients often require comprehensive and ongoing care. However, when they reside at a significant distance from the clinics where their preferred HCP practice, the implementation of neuro-rehabilitation becomes a challenging endeavor. In this vision, being the peripheral neuro-rehabilitation team trained in the Hub center and always communicating with it, they can provide the patients with continuous care in a place that is closer to their homes (Manuli et al., 2020).

As a challenging aspect, we must address the dropout rates and compliance of MS patients in VR-based therapy. Some studies have hinted at the fact that a longer duration of the rehabilitation program could cause fatigued patients with MS to lose motivation and thus adherence. Consensus about the right duration of a VR therapy session is one more time difficult to find in the literature, but it is strategic to keep in mind the potential obstacles of VR, which can hinder efficacy and cost-effectiveness (Bevens et al., 2022; Casuso-Holgado et al., 2022). Manuli et al. viewed a possible solution to this gap by adding the patients' reported opinions and outcomes to the concept of feasibility. In their work based on conventional, robotic, and VR-based training, they involved the patients in the evaluation of the activities in terms of usability, perception of the obtained motor, and cognitive goals, and QoL. As these rehabilitation tools are and have to be designed on the patient's baseline disability, training performance, and achievements, this method is a fundamental milestone in the feasibility assessment of these technologies (Manuli et al., 2020). Table 3 summarizes the concepts regarding digitalizing MS fatigue assessment and management and Figure 2 depicts the clinical pathway for fatigued MS patients.
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FIGURE 2
 The fatigue path. The clinical pathway usually begins with the MS patient reporting fatigue and exhaustion, which leads them to a consultation with an HCP. In the MS clinical practice, an MRI is to be performed once a year to detect anatomical correlates regarding the clinical evolution of MS. NfL levels are also retrieved in blood and CSF as biomarkers of both physical and cognitive development of MS and fatigue. The observation of fatigue proceeds with the PROs, questionnaires, diaries, and scales. Up until now they have been the most reliable tool to assess fatigue in MS patients. Here, we propose a new way of assessing fatigue in MS patients. With the aid of apps and wearable devices, our clinical pathway model adds a feasible tool to the monitoring of MS fatigue, most of all between visits and at long distances. Finally, neuro-rehabilitation through hospital- and home-based tools and in-clinic virtual reality training can be implemented. Created with BioRender.com.






4. Discussion and conclusion

Although the anatomical correlates of fatigue in MS patients are not yet fully clear as its subtle nature makes it difficult to evaluate it objectively and to share a common strategy of encompassing it, both in the clinical and the research field. Nevertheless, updated, feasible, and digital are highly promising to make a difference in observing fatigue even at the beginning of its onset. Additionally, the management strategies offered by digital biomarkers, self-assessment instruments, and VR represent the most reliable complementary source of data and treatment outcomes complementary to the HCPs' observation.

As far as the therapeutic use of VR and apps is concerned, published literature is promising but more efforts are required. Nonetheless, in the smoldering frame of MS, where the underlying inflammation plays an equal role as the relapses, the digitalization of neuro-rehabilitation must be addressed as a fundamental element. MS is a complex and multi-faceted disease characterized by thousands of different limitations making the patients different from one another but also differently burdened. The concept of a homogeneous tracking method, as well as a scientific and clinical consensus regarding the healing process, brings us a step closer to changing the face of MS itself. The cost and time effectiveness of the above-discussed tools has been proved by various studies and they could even render a more objective and precise insight into the patient's clinical situation. To reach this goal, eHealth apps and wearable devices deliver a double advantage in assessment: the passive but constant data collection and a successful connection of clinic appointments with HCPs. Furthermore, autonomy could be enhanced as MS patients manage fatigue and learn how to observe and control the triggering factors.

Moreover, VR seems to represent a feasible ally in the field of neuro-rehabilitation. Many studies have highlighted its efficacy in restoring cognitive abilities, thanks to the simulation of motor tasks and simulations of ADLs. For example, Leonardi et al. offered both a neuropsychological evaluation and cognitive training before performing non-immersive VR training with patients. The experimental group improved not only in the motor and cognitive domains but also in the mood, which further demonstrates the effective role of VR in the psychological involvement of MS patients (Leonardi et al., 2021). Additionally, restoring motor memory is a crucial aspect. With standard feedback stimulation, as available through VR devices, this type of memory can be consolidated, along with the awareness of one's motor and cognitive abilities (Manuli et al., 2020). This is especially valid if VR—and gaming-based VR—is administered with conventional therapy. Along with the latter aspect, Leonardi et al., raised awareness of the importance of boosting the cognitive reserve of such patients, as they are very often diagnosed at a younger age. This, together with the increased flexibility and acceptance these younger patients may have toward VR, makes them a target group for a deeper exploration of VR exposure therapy (Leonardi et al., 2021). The concept of ADLs is thereby important: living with MS poses difficulties in day-to-day tasks, ultimately leading to social isolation and even unemployment. Fatigue is in this framework one of the most present symptoms and has therefore to be targeted. By boosting compliance through game-like activities, which request total presence and focus (e.g., immersive VR), we can obtain progress in the memory storing capabilities, motor functions, and QoL outcomes.

Restoring the individual's motor and cognitive functions is not only an integrative approach to be added to the disease-modifying therapies but it represents the therapy itself. As already commented, MS is currently widely considered a “smoldering” and underlying unremitting inflammatory process with superimposed relapses (Giovannoni et al., 2022). This concept paves the way to seeing neuro-rehabilitation as a way to address specific disabilities in order to enhance functional and social capabilities, an outcome which pharmacological therapy has been demonstrated to be lacking to achieve (Maggio et al., 2019b; Giovannoni et al., 2022).

The ultimate stage of this path might be changing the setting of therapy from a hospital- to a home-based one, where MS patients can feel safe and perform tasks with complete autonomy, although always with the support of their HCPs. The next step is to create a safe and secure data-collecting cloud and a trusted relationship between the patients and the new digital implementations, closely followed by a collaboration between patients and clinicians, with the common goal of finding a customized way of care.



5. Unmet needs and future perspectives

A controversial topic in the field of digital health and telemedicine is the double requirement of having an individualized pathway to offer to the patients but at the same time providing them with a reliable and standardized assessment. Additionally, data security is an essential point that must not be discounted given that patients and users must have the chance to trust the digital system as they would trust their physician. To achieve this goal, firm protocolling must be made to rule a potential source of both clinical and research advantages but also economic and legislative dark sides e.g., data collection and protection (van der Walt et al., 2021). The collaboration between HCPs, researchers, and developers of digital solutions is crucial to adapt the assessment and the neuro-rehabilitation to MS patients. Similarly, as paper-based methods and symptomatic therapies, digital tools need to reach a high level of reliability to be referred to as “software as medical devices” (van der Walt et al., 2021). The matter of cost and benefits calculations must also be addressed, as it is always a key aspect in the introduction of every new procedure in the medical field. The cost-effectiveness must be advantageous for patients, who are already burdened by the disease and costs related to medical care, and the possible disadvantages of living in a developing country where the technological resources are extremely limited, as well as the digital literacy (De Angelis et al., 2021; Dillenseger et al., 2021). Furthermore, the costs of digital data collection should provide the clinician and the patient with the chance to choose app-based monitoring to aid therapeutic solutions. The same applies to the expenditures in the field of home-based and home-worn devices, which are surely appealing but in many cases also price-intensive (Dillenseger et al., 2021).

Detection of new symptoms must also be punctual and precise, to generate valid data for early identification of disease activity (Cloosterman et al., 2021). Furthermore, digital biomarkers retrieved through the mentioned innovative instruments must allow HCPs to clearly understand them as important parts of the patient's disease history. They must be coded and stored in such a way that is easily accessed and routinely consulted (Voigt et al., 2023).

As far as gaps in the literature are concerned, most studies include almost exclusively female patients, whose EDSS ranges from 0 to 5 or 6, and with RRMS (Ozkul et al., 2020; Nascimento et al., 2021; Moeinzadeh et al., 2022). Unfortunately, most articles failed to describe test batteries or treatment efforts in very highly burdened patients, who might also suffer from fatigue along with all the physical limitations they might present. A future perspective might be a more extensive use of VR in patients with high-grade paralysis or fatigue levels, given the fact that a large amount of VR systems encompass an extreme variety of exercises and tasks (Ozkul et al., 2020).

Another important point in using VR as a therapy is the treatment intensity, duration, and type of tasks. As in every other therapy concept, a standardized length of session must be found for the patient to benefit from it. A final issue to overcome is the precise recruitment of MS patients to collaborate in research and therapeutic pathways, given that not every patient might benefit from these innovative systems, owing to their poor technological ability, older age, or willingness to learn new strategies from scratch (Dillenseger et al., 2021). At the same time, the caregiving and social environment should be considered and actively involved to complement the patient's difficulties in using a new device having disabilities (De Angelis et al., 2021).

All in all, the digital age of fatigue in the field of MS has begun, although with many challenges ahead. Linking standardized assessments and training to customized and goal-oriented individualized remains a central element in the research. Future studies should therefore concentrate their effort on reaching this milestone to routinely implement digital strategies for mitigating and eradicating fatigue in MS patients.
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Post-exertional malaise (PEM) is commonly recognized as a hallmark of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and is often used as one of several criteria for diagnosing ME/CFS. In this perspective paper we want to reflect on how PEM is understood, assessed, and evaluated in scientific literature, and to identify topics to be addressed in future research. Studies show that patients use a wide variety of words and concepts to label their experience of PEM in everyday life, and they report physical or mental exertions as triggers of PEM. They also report that PEM may have an immediate or delayed onset and may last from a few days to several months. When standardized exercise tests are used to trigger PEM experimentally, the exacerbation of symptoms has a more immediate onset but still shows a wide variability in duration. There are indications of altered muscular metabolism and autonomic nervous responses if exercise is repeated on successive days in patients with ME/CFS. The decreased muscular capacity appears to be maintained over several days following such controlled exercise bouts. These responses may correspond to patients’ experiences of increased exertion. Based on this background we argue that there is a need to look more closely into the processes occurring in the restitution period following exercise, as PEM reaches the peak in this phase.
Keywords: post-exertional malaise (PEM), myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), exercise, cardiopulmonary exercise test (CPET), neuroendocrinological system, muscle weakness, adrenaline, noradrenaline
INTRODUCTION
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a symptom-based diagnosis characterized by patient-reported inexplicable, incapacitating, persistent or relapsing fatigue, unrefreshing sleep, cognitive dysfunctions, and musculoskeletal pain that heavily impact patients’ lives (Nacul et al., 2021). Over the years several sets of diagnostic criteria have been developed to classify ME/CFS. Examples are the Oxford Criteria (Sharpe et al., 1991), the Fukuda Criteria (Fuku et al., 1994), and the International Consensus Criteria, ICC (Carruthers et al., 2011). Post-exertional malaise (PEM) was included in the CFS case definition by Fukuda and co-workers (Fuku et al., 1994) in 1994, although PEM was not explained nor further defined by these authors. In their criteria, PEM was one of nine symptoms to be considered for the diagnosis although PEM did not need to be present. In the International Consensus Criteria, however, PEM is considered a hallmark used to differentiate ME/CFS patients from patients with other chronic illnesses and persistent fatigue (Carruthers et al., 2011). These authors describe PEM as a perceived exacerbation of some, or all symptoms of ME/CFS after physical or cognitive exertion. Further, PEM is described as a disproportional worsening of symptoms due to physical or cognitive efforts that previously was well tolerated, typically with a delayed onset and lasting for variable and often extended periods of time (Nacul et al., 2021). In the later years, PEM has been investigated by qualitative interviews of patients, assessed by standardized self-reports alone or in combination with experimental triggering actions such as exercise tests or mental challenges (Nacul et al., 2021). However, to our knowledge the relationship between PEM as experienced in every-day life and experimentally induced PEM is scarcely examined.
On this background, the purpose of this perspective paper is to examine if there is coherence between PEM as described by patients with their own words, PEM assessed by standardized questionnaires, as well as exercise-induced PEM by experimental models. In addition, we will discuss how the exercise tests can be further developed to capture relevant aspects of PEM and the possible underlying biological mechanisms.
PEM AS EXPERIENCED IN EVERYDAY LIFE
PEM is narrated by patients as well as assessed by structured self-reports. Moreover, PEM has been examined in terms of exacerbation of ME/CFS symptoms, what triggers the exacerbations in daily life, as well as the time of onset and duration of symptoms before recovery. The literature used is summarized in Table 1. PEM is found to relate to exacerbations of fatigue, cognitive difficulties (cannot think clearly, memory problems), sleep problems, neuromuscular complaints (pain/aches and weakness), bodily heaviness, flulike symptoms and impacts on daily functioning (Baraniuk et al., 2013; Chu et al., 2018; Jason et al., 2018; Davenport et al., 2023a). These findings were also supported by a focus group interview with patients (Stussman et al., 2020). It is noteworthy that high PEM also seems to associate with more symptoms, psychological distress, and social burden (May et al., 2020).
TABLE 1 | Self-reported post-exertional (PEM) symptom in patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).
[image: Table 1]The US Committee on the Diagnostic Criteria for ME/CFS reports that patients typically call PEM a “crash,” “flare-up,” “collapse,” “debility” or “set-back” (Locher and IOM, 2015). In a similar vein, two qualitative studies showed that patients express their experience in terms of “wiped out”, “absolute crash,” “knocked out,” “zonked out” (Parslow et al., 2018), or a “bodily lock down” (Krabbe et al., 2022). A survey of international respondents showed that the most preferred wordings for PEM were “crash” and “exhaustion” (Jason et al., 2018). Interestingly, a Canadian study showed that patients themselves discriminate fluctuations in ME/CFS by using the words of tiredness, fatigue, and exhaustion (Olson et al., 2015). Tiredness was used to describe experiences prior to the diagnosis or on good days (i.e., what they find normal and healthy), whereas fatigue referred to how it was like on daily basis with ME/CFS. In contrast, exhaustion described the experiences after overexertion, i.e. related to PEM.
A frequently applied questionnaire for assessing symptoms among patients with ME/CFS is the DePaul Symptom Questionnaire (DSQ) (Jason and Sunnquist, 2018). Based on the five PEM items from DSQ and five additional questions, Cotler and coworkers developed a scale to identify the presence of PEM (Cotler et al., 2018). Respondents are asked to rate how bothersome and frequent the following symptoms are: “Dead, heavy feeling after starting to exercise,” “Next day soreness or fatigue after non-strenuous, everyday activities,” “Mentally tired after the slightest effort,” “Minimum exercise makes you physically tired,” “Physically drained or sick after mild activity” (Cotler et al., 2018). Thus, there is a discrepancy between wordings used by patients to describe PEM and those used in items of the standardized questionnaire. ”Dead, heavy feeling” may better be captured by “flu-like” or “crash” experience used by patients. Moreover, “tiredness” and “fatigue” in the questionnaire differ from the term “exhaustion” used by patients to describe PEM. Furthermore, non-strenuous everyday activities and minimum exercise are rather unspecific terms. Neither of the terms necessarily discriminate between daily activities and an extraordinary triggering event. Although, the DSQ is found to have a good internal consistency (Brown and Jason, 2014; Jason et al., 2015a), one may question the items’ face validity since there are deviations between the expressions used by patients in qualitative studies and in questionnaires.
Focus group interviews have outlined that a broad set of non-strenuous daily activities may trigger PEM, such as household chores, social activities, physical exercise, cognitive activities, and emotional moments (Stussman et al., 2020). Another qualitative study also underscores that all kinds of activities can lead to a “payback time” the following days, and these authors identified also a symptom fluctuation unrelated to triggers, portrayed as a state where ME/CFS operates “on its own” (Parslow et al., 2018). A quantitative study categorized the triggers as emotional stress, activities in daily life, positional changes, noise, and other sensory overloads (Holtzman et al., 2019). Engagement in high-strenuous activities can also be accompanied by discomfort in terms of fatigue and muscle soreness among healthy people. However, for patients with ME/CFS, this seems to occur even after low-strenuous physical and cognitive activities (Holtzman et al., 2019; Hartle et al., 2021; Davenport et al., 2023a). Moreover, patients also describe a symptom fluctuation over time displayed as “booms and busts” (Strassheim et al., 2021) or as a gradual down-spiraling deterioration process accompanied by an increasing intolerance of triggers (Krabbe et al., 2022). It thus seems to be good coherence between freely voiced triggering experiences and assessments of triggers.
A study of 704 respondents examined whether PEM was a unified entity or composed of different constructs (McManimen et al., 2019). A factor analysis of a large set of symptoms combined with triggers demonstrated that PEM is composed of two different constructs: generalized fatigue and muscle-specific fatigue. The first comprised symptoms of more generalized feeling of physical and mental fatigue, whereas the muscular construct included symptoms that referred to pain, weakness or fatigue in muscles following exertion. This finding may have important implications, particularly considering the various types of triggers reported. An interesting question is whether the two components of PEM are connected to specific and different triggers.
It is also a question whether there is a typical timeline for when PEM begins, reaches a peak and subsides. The US Committee on the Diagnostic Criteria for ME/CFS describes PEM as having an immediate onset or occurring within 30 h, but it is outlined that PEM may also develop hours or days after the trigger has ceased (Locher and IOM, 2015). Moreover, the committee describes an unpredictable duration of PEM as it may last for hours, days, weeks, and even months. In accord, a survey demonstrated a large variability in reported onset and duration of PEM, and most of the respondents reported that they sometimes experienced an immediate onset and sometimes a delayed onset (Holtzman et al., 2019). The delay ranged from 1 h to a week, and the duration could last from 1 day to several months. Similar results have been reported by others (Chu et al., 2018; Stussman et al., 2020). Thus, the onset and duration of PEM have no definite pattern and seem to vary both within and between patients.
PEM IN RELATION TO EXPERIMENTAL EXERCISE TESTS
Due to the lack of objective signs or a clear and uniform picture of how the patients present PEM and in what triggers PEM, standardized tests have been employed and recommended for diagnostic purpose (Nacul et al., 2021). These tests may be important tools not only in the diagnostic process, but also in generating scientific knowledge that may lead to a shift from symptom-based to biology-based diagnosis. Applying exercise protocols for research purposes may help us to understand biological underlying mechanisms for PEM. This approach may be valuable for diagnostic and research purposes, although for instance the NICE guidelines recommend caution in applying exercise as part of management (NICE, 2021). The controlled conditions of the experimental tests with a follow-up over time, is in keeping with diagnostic recommendations (Nacul et al., 2021).
The exercise tests have several important qualities, including standardization of workload and the possibility of matching patients and healthy controls with regard to differences in for instance gender, age, and physical fitness. Furthermore, the exercise tests can require a workload beyond the physical demand of daily activities. The symptoms induced by exercise will thus reflect a response to an extraordinary and a well-defined physical exertion. We will below present and discuss exercise-induced symptoms when exercise is used as a trigger and compare the responses during and after exercise seen in persons with ME/CFS with healthy controls. Three relatively recent systematic reviews and meta-analyses will be used (summarized in Table 2) together with additional studies published more recently.
TABLE 2 | Responses to exercise in persons with ME/CFS or long Covid compared with controls. Summary of systematic reviews and meta-analyses.
[image: Table 2]The most frequently self-reported responses to exercise in ME/CFS patients, are perceived exertion, fatigue and pain (Table 2). Ratings of perceived exertion (RPE) reflects the person’s evaluation of effort during exercise, whereas fatigue will here be understood as the subjective experience in the period following exercise. In a review and meta-analysis of 15 studies, Barhorst and co-workers showed that patients with ME/CFS perceived exercise as more effortful than healthy controls based on the ratings of perceived exertion (RPE) during exercise (Barhorst et al., 2020). This difference remained when controlling for confounding and moderating factors. It is important, however, that only one of the included studies had physical fitness as one of the matching criteria (Oosterwijck et al., 2017). More recently, a higher RPE reported by patients was also observed after matching patients and controls for fitness to achieve comparison at similar relative workload (Cook et al., 2022). Hence, the literature is quite consistent in reporting that patients with ME/CFS report higher exertion of effort during exercise than healthy controls, even when they do not differ in physical fitness.
Another systematic review and meta-analysis by Loy and co-workers examined the changes in fatigue after exercise (Loy et al., 2016). Even though the number of studies and participants was relatively low, they found that exercise triggered a larger increase in fatigue after exercise among patients with ME/CFS compared with controls. The group differences were most pronounced when fatigue was measured 4 h or later after end of exercise. Furthermore, enhanced fatigue was observed following different types of exercise (e.g., intermittent bouts or continuous) and workload (submaximal and maximal) (Sandler et al., 2016). A recent study examined the temporal pattern following two exercise bouts separated by 24 h (Moore et al., 2023). Patients with ME/CFS reported increased fatigue reaching a peak approximately 2 days after the last exercise bout. In contrast, fatigue remained low without any exacerbation among the healthy controls in the post-exercise period. In another recent study Davenport and co-workers found a prevalence of increased fatigue in approximately 60%–65% of the patients with ME/CFS 1 week after exercise (Davenport et al., 2023b). There appears to be a consistent finding that patients with ME/CFS differ from healthy controls in developing a long-lasting fatigue following exercise, and that patients need many days to recover to pre-exercise fatigue.
In addition to fatigue and perceived exertion, exercise may induce a substantial increase in pain intensity. A systematic review and meta-analysis from 2022 by Barhorst and co-workers reported that exercise triggered higher pain intensity in patients with either fibromyalgia or ME/CFS compared with healthy controls (Barhorst et al., 2022). Five of the studies only included patients with fibromyalgia. Both patient groups showed a significantly higher pain response compared with the control groups. The largest differences in pain intensity were seen 1–3 days after exercise. Together with the recent finding of increased prevalence of pain in ME/CFS patients in the restitution phase following exercise (Davenport et al., 2023b), the review clearly indicates that exercise triggers an aggravated pain response in ME/CFS patients compared with healthy controls, and similar to that seen in patients with fibromyalgia.
Exercise may also trigger other symptoms, for instance discomfort, sleep disturbances, headache, and neurological symptoms (Sandler et al., 2016; Stussman et al., 2020; Davenport et al., 2023b). Some studies have also used more composite scales for assessment of multiple symptoms, or simply asked for the number of days to recover (Baraniuk et al., 2013; Strand et al., 2019; Hodges et al., 2020; Moore et al., 2023). The results of these studies further support that ME/CFS patients report a higher level of various symptoms post-exercise compared with healthy controls. Two studies examined the patients’ own assessment of recovery after the second day with exercise and reported a time for recovery varying from 6 to 12 days (Hodges et al., 2020; Moore et al., 2023). Also, the duration of aggravated symptoms varied from a few days and up to weeks. The variability in symptom duration may partly be due to different exercise models employed, but there seems to be an additional heterogeneity that has other causes.
BIOLOGICAL RESPONSES TO EXPERIMENTAL EXERCISE TESTS
The experience of PEM reported by patients with ME/CFS after exertion has led to a series of studies to examine possible underlying biological mechanisms and to identify leads for diagnostic criteria. Factors related to responses in the neuroendocrine and cardiovascular systems, as well as metabolism and muscular weakness have been main targets of research. The exercise models are of particular interest to use as triggers of potential biological mediators of the aggravated fatigability and slow restitution. One line of research has been to investigate deviations in the autonomic function, for instance as reflected in neuroendocrine responses. Another has been to examine metabolism and energy consumption (Lim et al., 2020). During exercise the pulmonary and cardiovascular systems need to adjust to match the energy demand of the workload. Hence, the biological responses can be studied in a controlled way and thereby allow comparisons between patients and healthy controls.
A commonly used standardized exercise test is the cardiopulmonary exercise test (CPET) which provides a measure of functional capacity and indicators of how the body adjust and adapt to the increased metabolic demand. The test is typically performed on a cycle ergometer with stepwise increment in workload. Assessments include oxygen uptake, ventilation variables, heart rate, gas exchange, blood lactate and indicators autonomic responses (Lim et al., 2020). Oxygen uptake will increase as workload increases, until the cardiopulmonary system no longer can match the energy demand of the working muscles. With the use of cycle ergometers, the energy requirements will be determined by the chosen workload of the bike, and thus the same for all since the individual technique play a negligible role for this kind of exercise (Åstrand et al., 2003). Hence, at submaximal workload, when the cardiopulmonary system is able to provide sufficient amount of oxygen to the muscles, two persons exercising at the same absolute workload will have almost equal oxygen uptake. Other parameters may vary, such as frequency of ventilation and heart rate. At higher workloads, less fit individuals may approach or exceed their cardiopulmonary capacity to provide oxygen to the muscles and oxygen uptake will no longer be sufficient. Anaerobic energy sources will gradually be used, resulting in a steeper rise for instance in blood concentrations of lactate and CO2. These physiological responses form the basis for using CPETs to investigate deviations in the cardiopulmonary system or muscular metabolism (Adachi, 2017).
Although two persons have the same energy requirement and oxygen uptake at a given submaximal workload, a less fit individual with lower maximal aerobic capacity, will exercise at a higher relative intensity compared with his maximal capacity. Thus, exercise intensity is often expressed as the percentage of their maximal oxygen uptake. A higher relative workload is typically accompanied by for instance a higher ventilation rate, higher heart rate and higher lactate concentration in blood (Åstrand et al., 2003). Comparisons of various physiological responses to exercise must therefore be done at similar relative workload, or ensure a careful matching of cases and control, including physical fitness.
Unfortunately, differences in physical fitness often insufficiently taken into consideration in studies comparing responses to exercise in ME/CFS patients and healthy controls. Some studies include exercise frequency (e.g., less than twice a week (Lien et al., 2019) or less than 30 min per week (Davenport et al., 2023b) to reduce the potential effect of different fitness. However, as shown in the two reviews in 2020 and 2022 by Barhorst and coworkers, almost no studies matched the participants on physical fitness (Barhorst et al., 2020; Barhorst et al., 2022). Hence, the results are difficult to interpret, as inactivity can lead to considerable decline in physical fitness and altered responses during exercise (Saltin et al., 1968).
In 2022 Cook and co-workers published a paper which examined exercise responses in fitness-matched patients with ME/CFS and healthy controls (Cook et al., 2022). In this well-controlled study, they found that most differences between healthy and controls disappeared after matching for physical fitness. Of particular interest is the lack of differences in cardiometabolic responses. However, the patients reported a higher RPE and had a lower respiration frequency and higher tidal volume. These observations indicate that several of the differences previously reported during exercise, can be explained by lower aerobic fitness among patients with ME/CFS compared with controls.
Over the last decade, a particular interest has been given to an exercise model involving two CPETs repeated within 1–3 days. By introducing a second exercise bout in the recovery period from exercise at Day 1, the idea is that deviations in fatigability or underlying biological responses might be more prominent and thus detectable. One advantage is that in this model the responses to exercise on the second day are compared with each individual’s responses the first test day. To some extent, this reduces the problems with difficulty in matching on fitness level. Lim and co-workers reviewed the studies exploring CPET on repeated days in ME/CFS patients and controls (Lim et al., 2020). Although only five studies with 98 patients and 51 healthy controls were included, their meta-analysis showed that there were some important group differences in the changes from Day 1 to Day 2. Despite similar reduction in workload as controls on Day 2, the patients displayed a larger decline in oxygen consumption the second day compared with their measures on Day 1. They also found that the patients had a clearly reduced workload at the point when hyperventilation starts compared with controls. This suggests an earlier onset of anaerobic metabolism among the patients on Day 2, which is consistent with the finding of reduced workload for the onset of blood lactate on Day 2 (Lien et al., 2019). These observations can hardly be used for diagnostic purposes but suggest that the first day of exercise induces an altered metabolism in patients the following days. To what extent the altered responses are generalized or restricted to the exercising muscles, is unknown. However, these observations suggest that the CPET exercise model may be valuable in further investigations of metabolism in ME/CFS.
Muscular metabolism during exercise depends heavily on cardiovascular responses. Nelson and co-workers made a review and meta-analysis of heart rate parameters in relation to exercise and other triggers (Nelson et al., 2019). They found that patients with ME/CFS had deviations in numerous heart rate parameters, suggesting reduced vagal and increased sympathetic modulation of heart rate. A recent study of heart rate parameters measured before, during and after exercise indicate diminished cardiac parasympathetic and sympathetic activation during supine rest and exercise in patients with ME/CFS (Van Oosterwijck et al., 2021). Furthermore, they observed a reduced parasympathetic reactivation after exercise among patients compared with controls. In blood samples obtained before, during and after exercise, Strahler and coworkers found decreased level of adrenaline during exercise in patients (Strahler et al., 2013). In samples taken before or 30 min after exercise, the levels were not different from healthy controls.
Taken together, the studies of repeated CPETs indicate that the muscular metabolism and autonomic response are altered in patients with ME/CFS. Furthermore, exercise appears to induce a prolonged decrease in muscular force or maximal workload. These responses may correspond to patients’ experiences of increased exertion.
DISCUSSION
It is widely accepted that PEM is a hallmark of ME/CFS and that a broad range of events or activities can trigger PEM. The patients describe PEM with a wide variety of words and report that it lasts long, even up to months. This variation leads to challenges when comparing and synthesizing patients’ experiences and expressions of PEM across patients and studies. As pointed out by Jason and co-workers slight differences in wording may have an impact on the results and conclusions (Jason et al., 2015b). Furthermore, differentiating between tiredness, fatigue and exhaustion may be of importance. This is of relevance for the qualitative as well as the questionnaire-based studies. Furthermore, the studies rarely define what they mean by PEM. It seems that the respondents are expected to have a priori understanding of the phenomenon. One way to go might be to distinguish more clearly between triggers that patients have in terms of load from their daily activities and extraordinary exertions such as intense bouts of exercise. Another approach might be to emphasize and discriminate between the two domains of PEM (generalized and muscular fatigue) or the three levels used by patients (tiredness, fatigue, and exhaustion) in future studies.
So far, research has not led to identification of underlying mechanisms of PEM. Interestingly, PEM is not unique and specific for ME/CFS but is quite frequent also in other chronic diseases (Nacul et al., 2021). Studies show relatively high prevalence of PEM-like symptoms in for instance persons with multiple sclerosis or long COVID (Morris and Maes, 2013; Learmonth et al., 2014; Hodges et al., 2018; Jason and Dorri, 2022). The descriptors used by other patient groups than ME/CFS are also similar, but the concept of PEM is not coined to the disease and not part of the diagnostic criteria for the other diseases. The rapidly emerging knowledge about individuals with long COVID symptoms may be of particular interest. These patients report similar perceptions of fatigue as patients with ME/CFS as well as some of the same indications of altered exercise responses (Wong and Weitzer, 2021; Joseph et al., 2023). It has been argued that the altered exercise responses may be caused by deconditioning (Rinaldo et al., 2021) and a recent brief report indicates that the altered responses may be normalized within 2 years (Rinaldo et al., 2023). Hence, also for individuals with long COVID symptoms, it is still uncertain whether the reported deviations in exercise responses is connected to the clinical condition and the symptoms, or if they can be simply explained by deconditioning (Durstenfeld et al., 2022).
It is also intriguing that symptoms very similar to PEM are typical for overtraining syndrome of athletes (Meeusen et al., 2013). Similarly, to patients with ME/CFS, they report elevated perceived exertion and fatigue during exercise. However, the magnitude of the responses is somewhat lower, and PEM attenuates faster. The causes of these differences are unknown, but a possible explanation may be related to the degree of severity of fatigue or disease. Overtrained athletes also show attenuated responses in adrenaline and noradrenaline and thus indicate altered neuroendocrinological responses (Armstrong et al., 2021). The similarities across various groups and conditions may be useful in further examination and research of underlying nature of PEM as distinct from everyday responses to activities.
The finding that PEM may be composed of two different constructs, generalized fatigue and muscle fatigue (McManimen et al., 2019), could be an important clue to enhance our understanding of PEM. An obvious hypothesis is that the self-reported muscle fatigue of PEM is closely related to a decrease in the muscular strength, which might be measured as maximal force. It is well known that the ability to generate force declines during an exercise session (Vøllestad, 1997). This response may be due to changes in the muscles capacity to generate force (muscular mechanisms), or it may be due to a decreased ability to drive the muscle to its full capacity (motor control mechanisms). It seems important that these different responses are studied also in ME/CFS following exercise, to help in understanding the mechanisms involved in at least the muscular component of PEM. It would also be of interest to compare the responses of not only ME/CFS and healthy controls but include other chronic diseases and overtraining syndrome of athletes. Furthermore, to our knowledge, no one has examined if for instance the presence or level of the two PEM constructs (muscle-specific fatigue and generalized fatigue) are closely linked. Or could it be that the construct of muscle-specific fatigue is particularly triggered by physical exertion, with less impact on generalized fatigue?
There are two striking post-exercise differences between patients with ME/CFS and healthy controls: The patients have a higher prevalence of symptoms and higher intensity of symptoms in the days following exercise. It is interesting, and somewhat surprising, that we have limited data on biological factors and processes in the restitution phase. The repeated CPETs performed on successive days show some deviations (e.g., in workload and lactate accumulation) in the exercise responses on Day 2 (Lien et al., 2019; Hodges et al., 2020). Thus, there is a need to conduct more comprehensive studies to examine for instance post-exercise changes in autonomic responses and in the ability of muscles to generate force. Apart from the studies employing repeated CPETs, the exercise models have predominantly focused on self-reported symptoms in the post-exercise period. Based on the patients’ descriptions of days and weeks to recover from exercise, research of physiological responses should probably be extended to capture the restitution phase. The focus could then shift from what triggers PEM to why does PEM triggered by exercise show a slower restitution in ME/CFS patients than in healthy controls.
As shown above the symptoms described by patients with ME/CFS may take different forms and be expressed in different ways. From the words used by the patients, it seems that the word “tired” or “tiredness” could be used to describe a normal response to an exertion, experienced by healthy persons. In a situation when ME/CFS has been established, “fatigue” seems to be a common term to denote the every-day experience without prior triggers (Olson et al., 2015). When these persons exercise, they experience a combination of fatigue and tiredness, while PEM is the prolonged exacerbation seen in the post-exercise period. Such distinctions between the terms for fatigue, may create a better framework for research and clinical communication.
The forms and descriptions of triggers of PEM vary as well. Since patients with ME/CFS typically reduce their physical activity level, their reference frame will often be daily life and triggers include for instance household chores and social activities (Stussman et al., 2020). Yet, the research searching for biological causes of PEM, uses intense exercise such as CPET as triggers. This may restrict our knowledge generation to the responses of extraordinary exertions, with uncertain relevance for understanding PEM induced by daily activities. It is also important to emphasize that studies including exercise models, and in particular CPET, require eligible participants that are able to complete the expected work. Hence, these models will probably include a selected group of patients, either with a lighter disease burden or patients in a recovery phase. Furthermore, the kind of symptoms studied in the post exertional period to assess PEM, are rather narrow compared with the wide spectrum expressed by the patients in interviews. We believe these aspects and possible limitations of experimental exercise tests need attention in future research.
In summary, there are some indications that exercise induces symptoms and metabolic or neuroendocrine responses in patients with ME/CFS that differ from what is seen in healthy individuals. However, similar deviations are also reported for other patient groups and overtrained athletes. The relevance of these deviations for case definition and diagnostic purposes thus needs further investigation. To enhance our understanding of underlying mechanisms of PEM or ME/CFS as a disease, we believe it is particularly important to look more closely into the processes occurring in the restitution period following exercise tests, as PEM reaches the peak in this phase.
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Volume in mm? 95% confidence interval

Lower Upper
Regions
Long COVID

Medulla 3302.4 & 696.7 1 2756.1 & 440.6 0.042 —95.0 1052.9
Pons 14120.3 £ 2305.8 1 11461.3 £1776.9 0.003* 569.0 4629.6
Midbrain 5456.1 + 889.2 1 4792.1 £507.1 0.026 —55.4 1416.7
SCP 292.27 + 83.81 ¢ 217.10 £ 42.25 0.009* 6.8 139.1
Whole brainstem 23171.1 +£3750.7 1 19226.7 £ 2644.3 0.005* 662.5 7001.1

Long COVID volumes were statistically different from HC (p < 0.05). 1 Indicates a larger volume in long COVID than HC. SCP, superior cerebral peduncle, *represents statistical significance
after adjusting for multiple comparisons with the Bonferroni method.
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Volume in mm?3 95% confidence interval

Lower
Regions
ME/CFS Long COVID

3110.3-4 155.7 | 3302.4 £ 696.7
13889.54333.5 | 14120.3 £ 2305.8 1712.7
Midbrain 53316 :295.5 |, 5456.1 + 889.2 570.2
SCP 270.01 £83.81 292.27 +:83.81 0.335 —88.9 39.8
‘Whole brainstem 22601.4 4-488.7 | 23171.1 & 3750.7 0.610 —3702.7 2467.8

 Indicates a smaller volume in ME/CFS patients than long COVID. No significant volumetric differences were obtained between ME/CFS and long COVID. SCP, superior cerebral peduncle.
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ME/CFS Long COVID

(n = 10) (n=8)
Age 46.4+15.2 432 410.7 423+ 14 0.53%,0.29°, 0.69¢,
F/M 6/4 5/3 713 N/A
Pain 38 £20.4 378+ 164 87 +£19.7 <0.001%, <0.001°, 0.98°
Breathing difficulty 0.8+£1.13 1.8+16 N/A 0.15¢
Superscripts a, b, and ¢ are the p-values for ME/CEFS vs. HC, long COVID vs. HC, and ME/CEFS vs. long COVID, respectively.
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Volume in mm3

95% confidence interval

Lower Upper
Regions
ME/CFS

Medulla 3110.3 £ 155.7 ¢ 2756.1 & 440.6 0.166 —238.7 830.8
Pons 13889.5 £333.5 1 11461.3 £ 1776.9 0.004* 444.1 4227.1
Midbrain 5331.6'+ 295.5 1 4792.1 £ 507.1 0.056 —151.5 1220.1
SCP 270.01 +83.81 1 217.10 £ 42.25 0.054 —13.2 110.0
‘Whole brainstem 22601.4 4 488.7 1 19226.7 £ 2644.3 0.01%* 261.7 6167.0

1 Indicates a larger volume in ME/CFS than in HC. *Represents difference from HC statistically significant (p < 0.05) after adjusting for multiple comparisons. SCP, superior cerebral peduncle.
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Main purpose and No included studies Types of exercise included Main results

methodology and no of participants
included in meta-
analysis
Barhorst et al. | Quantify the perceived exertion (RPE) | 37 studies Cycle ergometer—continuous increasing | Elevated RPE in people with ME/
(2020) response to acute aerobic exercise (CPET)- from low to high intensity CES during exercise

involving people with ME/CES
compared with healthy controls

Systematic review and meta-analysis | 1,086 patients with ME/CFS | Treadmill —continuous increasing- from
low to high intensity

686 healthy controls Combined arm-leg ergometer—continuous
steady—moderate intensity

Cycle ergometer—continuous
steady—moderate intensity

Loy et al. Estimate the effect of completinga | 7 studies Cycle ergometer—continuous increasing | During exercise fatigue increases
(2016) single bout of exercise on fatigue states (CPET)- from low to high intensity more in people with ME/CFS than
in people with ME/CFS compared in healthy controls
with health controls
Systematic review and meta-analysis | 159 patients with ME/CFS Treadmill—continuous increasing- from The effects were heterogeneous
low to high intensity between studies
Number of healthy controls not | Arm-leg ergometer—continuous ‘The largest difference was seen 4 h

provided steady—moderate intensity or later after exercise

Combined arm-leg ergometer—continuous
steady—moderate intensity

‘Treadmill —continuous steady—moderate
intensity

Handgrip—repeated—moderate

Barhorst et al. | Quantify the effect of a single aerobic | 15 studies Cycle ergometer—continuous increasing | People with ME/CFS and FM

(2022) exercise bout on pain symptom (CPET)- from low to high intensity experience small to moderate
severity in people with ME/CFS increases in pain symptom
and FM severity after exercise
Systematic review and meta-analysis | 306 patients with ME/CES Combined arm-leg ergometer—continuous

steady—moderate intensity

292 healthy controls Cydle ergometer—continuous
steady—moderate intensity

‘Treadmill —continuous steady—moderate
intensity

Arm ergometer—continuous—high

intensity
Nelson etal. | To determine whether there were | 24 studies® Cycle ergometer—continuous increasing | Heart rate parameters during
(2019) differences in heart rate parameters (CPET)- from low to high intensity exercise differed between people
between patients with ME/CFS and with ME/CES and healthy
healthy controls controls, indicating reduced vagal
and increased sympathetic
Systematic review and meta-analysis | 1,129 patients with ME/CES* | Treadmill—continuous increasing- from | modulation of heart rate
low to high intensity
626 healthy controls® Cycle ergometer—continuous
steady—moderate intensity
‘Treadmill—continuous increasing- from
low to moderate intensity
Durstenfeld | To estimate the difference in exercise | 3 studies Cydle ergometer (upright or Aerobic capacity was lower in
etal (2022) | capacity between individuals with and supine)- continuous increasing (CPET)-  individuals with long COVID
without long COVID symptoms and from low to high intensity symptoms
to elucidate possible mechanisms
Systematic review and meta-analysis | 1,228 individuals with long | Treadmill—continuous increasing- from | Several factors may contribute to
CoviD low to high intensity decreased acrobic capacity,

including deconditioning
932 individuals without long
COVID symptoms

*Only studies and participants studied with exercise models.
ME/CFS, Myalgic encephalomyelits/chronic fatigue syndrome.
FM, fibromyalgia.

CPET, cardiopulmonary exercise test.
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hors Purpose of the

study

Country

Qualitative interviews

Case
definition

Study design

Patients

PEM
descriptions

PEM triggers

PEM onset
and
duration

Krabbe etal. | What do young Self-reported Narrative 13 women with ME/ | Gradually developing
(2022) women who are in | diagnosis set bya | qualitative CFS during childhood | unhomeliness and
recovery from ME/ | physician interviews with oradolescence now in | feeling pushed
CES tell about their overarching open- | recovery or recovered | toward the edge; and
experience of falling ended questions left abandoned on
Norway severely ill during Age range at time of | the sidelines
childhood and interviews
adolescence? 16-30 years
Parslow et al. ~ Describe Diagnosis set in Qualitative semi- 21 adolescents with Fluctuations in
(2018) adolescents with clinics by an structured ME/CFS and their fatigue and other
ME/CFS’ experienced interviews parents symptoms create
- experiences of pediatrist good and bad days.
UK fatigue, symptom Age range Worsening could
fluctuation 12-17 years appear for no reason
and as a payback
after activity; worded
as “wiped out,”
“absolute crash,”
‘knocked out,”,
“zonked out,” and
“out cold”
Olson etal.  Explore the Fukuda criteria | Ethnoscience 13 women and 1 man | Tiredness expresses
(2015) ‘meaning of fatigue interviews with prior to illness, in
overarching open- remission, or “good
Canada ended questions | Age range 37-68 days”. Fatigue
describes ME/CFS on
daily basis.
Exhaustion expresses
overexertion
Stussman Expand the Diagnosed by Focus group 43 subjects PEM was described | Three broad After daily
ctal (2020)  understanding of | physicians and interviews as “Flu-like” categories of activities: onset
PEM, its manner of | referred to a exhaustion, activity: physical after 12-48 h,
onset, timeframes  cardio-pulmonary Cognitive problems | activity, cognitive | peak 48 b,
for onset, peak, exercise test of thinking clearly, effort, and duration
duration finding words, and emotional 2-7 days
complete fog ‘moments. The
threshold for
USA Had undergone 21% men Neuromuscular activity depends on | After exercise
cardio-pulmonary complaints as pain/ | their baseline test: immediate
exercise test aches and weakness onset, peak
24h,
duration 72 h
Age range
30-69 years
Structured questions with open ended responses
Hartle etal.  Examine patients’  Fulfilling at least | Online survey of | 75 subjects Fatigue 21% of the | Most common Onset: Within
(2021) responses on PEM  one of diagnostic | PEM questionnaire | sick 24 years and symptoms (e.g., exertion induced by | minutes 35%
triggers, criteria: Fukuda, | designed for the | 76 sick >10 years weakness, heavy ‘medium levels of
experiences, International study with 4 items limbs, flu-like physical (71%) and
recovery, and Consensus with open-ended symptoms, feeling | cognitive activities,
prevention Criteria, Canadian | responses and ill), pain/ at any levels these
Consensus 2 with predefined musculoskeletal two factors
Clinical Criteria | alternatives symptoms 18%, accounted for 89%
orthostatic
intolerance 14%
us Age range Rest used as Stress by Within
18-65 years strategies for those <4 years hours 40%
recovering, and sick (19%)
pacing for prevention
26% men Within >
1 day 25%
Duration: At

least 1day 31%

Several
days 48%

At least
1 week 13%
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2022; Moeinzadeh
etal, 2022; Dogan
etal., 2023; Hsu
etal, 2023)

Applical Developer Requirements Contents Goal Evidence
Elevida (Gold et al., GAIA AG 2018 Smartphone 90-days Assessment Decreased fatigue
2001; ELEVIDA, Internet connection  prescription-based Management levels as measured
2002; Péttgen etal., program Fatigue by the Chalder
2018; GAIA AG, specific contents Fatigue Scale and
2022) Exercises FSMC, even after 12
introduced by and 24 weeks
videos (follow-up); QoL
Interactive journaling increased in the
fatigue section of
the HAQUAMS
(Hamburg Quality
of Life
Questionnaire in
Multiple Sclerosis);
good effect on
ADLs
ElevateMS Novartis 2017 Smartphone Questionnaires Assessment High rate of reports
(Novartis SB, 2017; Sage Bionetworks Internet connection = Symptom tracking on fatigue on the
Pratap et al., 2020) Activity tracking app; data refers toa
Customizable population located
reminders across the US
Clinical-based (far-reaching
exercises (e.g., abilities of the app).
finger- Increased
tappingbalance compliance in MS
tests, SDMT) patients whose link
with the clinic has
been aided by their
HCPs
BRISA App (Fisk Temedica GmbH 2022 Smartphone Smiley-based Assessment High correlation
etal, 1994a; BRISA, | Roche Internet connection  self-assessment and between
2022; Mountford rating of MS smiley-based
etal,, 2023) symptoms reported fatigue and
Daily diary completion of MFIS
(Modified Fatigue
Impact Scale) in MS
patients,
independently of
age, sex or time
since diagnose
Energize (Babbage Duncan Babbage 2019 Smartphone (i0S) 7-module based Assessment Promising results as
etal., 2019; van Kirsten van Kessel Internet connection course (MS, Social rehabilitation far as the
Kessel et al., 2021) Paula Kersten Beaviour, Thoughts, acceptance by
Emotions, Body, fatigued MS
Future and World) patients
Explanatory videos (self-management
Sleep diary and learning
Self-evaluation of content) although
fatigue the cognitive effort
Planning section to complete the
Quizzes and tests units was
sometimes high and
itself fatiguing
icompanionMS icometrix 2021 Smartphone Self-tracking Assessment Feasible instrument
(Van Hecke et al., Computer Appointment Management to assess and
2021; Icompanion, Internet connection reminder monitor fatigue
2022) Cognition tests over time (clinically
MRI scans upload relevant changes as
function referred to the
HCP portal Neuro-QoL)
icobrainMS (Van Icometrix 2021 Computer Ai software for Assessment (not Feasibility of the
Hecke etal,, 2021; Internet connection ~ magnetic resonance  MS specific) Al-based MRI
icometrix, 2023) analysis reading, high rate of
lesion-detection
and MS subtypes
differentiation
Floodlight (F. Roche 2021 Smartphone Motor and Assessment Correlation
Hoffmann-La Internet cognition functions between app-based
Roche Ltd., 2021; and connection assessment and clinically
van der Walt etal,, Shape-drawing administered tests
20215 Roche (SDMT)
Fachportal, 2023) Pinching tomatoes
(9 HPT)
2-min walk test
(Timed-25-Foot
Walk Test)
Samsung gear S2 Samsung 2021 Smartphone Passive and Assessment Strong influence of
(Krupp, 1983a, Smartwatch continuous data fatigue as measured
2003; Abbadessa Internet and collection about through the FSS
etal, 2021) Bluetooth connection = walking endurance (Fatigue Severity
Scale) and the
maximum distance
walked by MS
patients
Fitbit Inspire (Fisk | Fitbit Inc. 2021 Smartphone Passive steps, heart  Assessment Digital phenotyping
etal, 1994a; Smartwatch rate, sleep tracking and passive data
Chikersal etal., Internet connection collecting to predict
2022) fatigue; link
between fatigue
(according to MFIS,
Modified Fatigue
Impact Scale) and
depression and
global MS burden
during the
COVID-19
pandemic
GENEactive Activinsights 2021 Smartphone Passive data on Assessment Digital phenotyping
accelerometer Smartwatch ADLs to correlate the
(Krupp, 1983a; Guo Internet connection ADLs and MS
etal, 20215 symptoms ie.,
Activinsights Ltd., fatigue (previously
2023) assessed with the
FSS and monitored
with a fatigue
diary); positive
correlation between
fatigue and
depression and
poor sleep quality
More Stamina University of Oulu 2018 Smartphone Self-reported Assessment Feasibility,
(Krupp, 1983a; Internet connection  energy estimation Management acceptability, and
Cella and Chalder, and management usability studies are
2010; Giunti et al., Gamified collection ongoing. App-based
2018, 2020; of points based on completion of FSS
Stamina, 2022) energy spent and Chalder Fatigue
and allocated Scale and
gamification-aided
fatigue
self-management
Fimo app (Micken Fimo Health 2021 Smartphone 8-week program Management Proof of feasibility
etal,, 2021; Fimo Internet connection  Learning contents still ongoing
Health GmbH, Rehabilitation
2022) through yoga
sessions, relaxation
methods, games
and tests for
cognition
Medication and
appointments
reminder
Social rehabilitation
Transcranial direct Transcranial Specific targetingof | Therapy Significant
current stimulation stimulation kit somatosensory and reduction of fatigue
(tDCS) (Krupp, motor cortex with measured through
1983a; Shahid et al., low current FSS, VAS (Visual
2011; Charvet etal., stimulation Analog Scale) and
2018; UWCORR, alleviating fatigue PROMIS of study
2020; Bertoli et al., levels (Patient-Reported
2023) Outcome Measures
Information
System) after tDCS
(targeting
dorsolateral
prefrontal cortex);
correlation between
number of sessions
and fatigue levels
(most of all for
severely fatigued
MS patients)
Virtual Reality (VR) Computer and Neuro- Neuro- Higher reduction of
(Al-Sharman etal., mouse/controllers rehabilitation rehabilitation fatigue levels as
2019; Maggio et al., (non-immersive through opposed to
2019a,b; VR) gamification conventional
Cuesta-Goémez Screens, controllers, | (serious gaming or therapy or
etal,, 2020; Manuli sensors exergaming) physiotherapy
etal, 2020; Ozkul (semi-immersive Relaxation exercises alone, result even
etal,, 2020; Yazgan VR) ‘more significant
etal., 2020; Headsets, Cognition training when the two are
Cortés-Pérez et al., controllers and/or Motor and balance combined.
2021; Leonardi sensors training Physical excercise
etal, 2021; (immersive VR) Memory and motor through VR might
Nascimento etal., memory rehabilitation increase the
2021; Pagliari et al., patients’ activity
2021; Altunkaya level and therefore
etal,, 2022; lower fatigue ones.
Casuso-Holgado Additional increase
etal, 2022 in compliance
Hollywood et al., through
2022; Kalron et al., gamification and

interaction. Link
between
improvements in
balance and fatigue
levels through
lower energy outlay.






OPS/images/fnins-17-1231321/fnins-17-1231321-t002.jpg
Name Me: Effect Dose Most comm: References
adverse reactions
4-Aminoipyridine Voltage-gated potassion Improves neurochemical 10-40 mg/day Paresthesia, restlessness, Jensen etal., 2014;
(4-AP) channel inhibitor conduction of demyelinated balance disorders, UTI, Zielinska-Nowak et al.,
axons, increases release of insomnia, dizziness, 2020; Dietrich et al,, 2021
neurotransmitters headache, nausea
(dopaminergic
effect)
Amantadine Antiviral, Improves cholinergic and 100-200 mg/day Livido reticularis, insomnia, | Krupp, 2003; Pucci et al.,
immune-mediated, dopaminergic transmission, orthostatic hypotension, 2007; Braley and
amphetamine-like non-specific CNS stimulant peripheral edema, Chervin, 20105
activity (approved by the FDA for headache, insomnia, Zieliriska-Nowak et al.,
Influenza and Parkinson’s) dizziness 2020; Cocco and Fadda,
2022; Tarasiuk et al.,
2022
Modafinil Non-amphetamine, CNS | Promotes wakefulness, 200-400 mg/day Headache, anxiety, Braley and Chervin,
stimulant probable sympathomimetic dizziness, nausea, 2010; Niepel et al., 2013;
activity (used for narcolepsy hypertension, palpitations, Zielifiska-Nowak et al.,
or shift-work sleep disorders) insomnia 2020; Cocco and Fadda,
2022
Paroxetine and Inhibition of reuptake of | Antidepressants Depending on Typical side effects of Krupp, 2003;
other serotonine/noradrenaline drug in use anti-depressants Zieliniska-Nowak et al.,
anti-depressants (SSRI/SNRI) 2020; Stamoula et al.,
2021
Methylphenidate Enhancement of Improves transmission of 5-20 mg/day Cardiac, psychiatric, Nourbakhsh et al., 2018;
dopaminergic effects, dopamine and inhibits its (TRIUMPHANT-  gastrointestinal disorders Cercignani etal., 2021;
CNS stimulants reuptake (typically prescribed ~ MS) Tarasiuk et al., 2022
for ADHD)
Acetyl-L-Carnitine | Mitochondrial Increases energy levelsbased | 2 g/day Nausea, agitation, insomnia, | Krupp, 2003; Pennisi
(ALCAR) functionality on biochemical production of and increased appetite etal,, 2020; Cocco and
and ATP ATP Fadda, 2022
production
improvement
Pemoline CNS stimulant Increases attention and 18.75 mg/day Irritability, restlessness, Krupp, 2003; Braley and
wakefulness (normally used in ~ (some studies insomnia, liver function test | Chervin, 2010; Khan
ADHD) start from changes etal, 2014; Cocco and
375 mgand Fadda, 2022
decrease
to 18.75)

*Most commonly prescribed.
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Name Au te Conten Scoring References
Fatigue Severity Krupp etal. 1983 9 items: motivation, exercise, 7-points likert scale Krupp, 1983a,b; Krupp et al.,
Scale (FSS) physical functioning, difficulty | 1= strongly disagree 1988; Schwartz et al., 1993
in carrying out tasks, work 7 = strongly agree
and private life impairment Range: 9-63
Modified Fatigue Fisk etal. 1994 21 items: physical (0-36), 5-points likert scale Fisk etal,, 1994a,b
Impact Scale cognitive (0-40), psychosocial | 0= never
(MEIS)* (0-8) subscale 4= almost always
Range: 0-84
Fatigue Scale For Penner et al. 2005 20 items: motor (0-50) and 5-points likert scale: Penner et al., 2005, 2009
Motor and cognitive (0-50) subscale 1= does not apply
Cognitive 5 = applies completely
Functions (ESMC)* Range: 20-100
Neurological Mills et al. 2010 23 items: physical subscale (8 4-point likert scale: Mills et al,, 2010
Fatigue Index items), cognitive subscale (4 0= strongly disagree
(NFI-MS)* items), diurnal sleep subscale 3 = strongly agree
(6 items), abnormal nocturnal | Range: 0-69
sleep subscale (5 items) Another 10 points can be
given in the summary section
(range: 0-30)
Fatigue Assessment Schwartz et al. 1993 29 items: severity of fatigue, 7-points likert scale: Schwartz et al,, 1993
Inventory (FAI)* impact on physical activity 1= disagree
and daily life, interaction with | 7 = agree
rest, mood Range: 29-203
Fatigue Descriptive Iriarte et al. 1999 5 items: initiative (patient 3-point likert scale Iriarte etal., 1999
Scale (FDS)* explains perception of Range: 0-17
fatigue), modality of onset,
gravity, frequency, Unthoff’s
phenomenon
Rochester Fatigue Schwid et al. 2002 Visual scale, fatigue level 100 mm visual analog scale, Schwid et al., 1987, 1999, 2002
Diary (RFD)* patient should mark his/her
fatigue level every hour for 1
day
0= maximal fatigue
100 = no fatigue
PROMIS-Fatigue Cookeetal. 2012 8 items: capacity to think 5-points likert scale Cook etal,, 2012; UWCORR,
(MS)* clearly, enjoy life, tiredness, 1= never 2020
interference with social 5 = always
activities Range: 8-40
Multidimensional Smets et al. 1995 20 items: general, physical, 5-points likert scale Smets et al., 1995
Fatigue Inventory cognitive, reduced 1= true
(MED)* motivation, reduced activity 5= not true
subscales Range: 20-100
Fatigue Assessment Michielsen et al. 2003 10 items: fatigue intensity, 5-points likert scale: Michielsen et al., 2003
Scale (FAS)* onset, limitations, 1= never
concentration 5= always
Range: 10-50

*RF (Shahid et al.,, 2012; Gumus, 2018; Rietberg and van Wegen, 2019).
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Stereotypes Female, Female, Female,
migrant,  migrant, non-
cleaner lawyer migrant,
(n=146) (n=156)  cleaner
(n=151)
Weak will 143 208 326
Nota real disease’ 63 207 168
Hypersensitive! 25 313 29

Emotional reactions

Angrily 199 123 147
Annoyed* 145 209 179
Incomprehension® 159 138 106

Anger scale (0-9), 1.92(2.07) 2.06(2.12) 2.04(1.86)
mean (standard

deviation)

% of agreement.
‘Significance of Chi’ tests/analys

s of variance (anger scale).

Female, Male,
non- migrant,
migrant, cleaner
lawyer (n=142)
(n=156)
08 351
17.1 250
a2 420
155 143
26 186
25 276
261(1.93) 222(211)

Male,
migrant,
lawyer
(n=154)

232
120

32

80
92
22

1.90 (1.84)

Male,
non-
migrant,
cleaner
(n=152)

340
74

358

215
150
166

238(205)

Male,
non
migrant,
lawyer
(n=153)

238
1y

37.7

19
72
258

2.09(1.66)

P

<0001

<0001

0.007

0028

<0001

<0001

0.030
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Stereotypes Female P Migrant ~ Non-migrant P Cleaner  Lawyer p°

(n=609) (n=597) (n=612) (n=591) (n=618)
Weak will" 256 289 0214 232 310 0.003 289 255 0.201
Not a real disease* 15.1 136 0.448 158 132 0.204 134 153 0361
Hypersensitive® 319 396 0.006 354 359 03865 28 386 0,010

Emotional reactions

Angrily 154 139 0.461 134 159 0.224 17.6 s 0.004
Annoyed* 209 122 <0.001 159 174 0461 165 167 0916
Incomprehension® 162 29 0.004 197 194 0878 175 215 0083
Angerscale (0-9),mean | 216(201) | 214(192) 0922 2.02(2.04) 2.28(1.89) 0027 214(202) | 216(191) 0.841

(standard deviation)

% of agreement.
Significance of Chi’ tests/analyses of variance (anger scale).
Significant differences (p<0.05) are bold.
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Gender
Female 634 527
Male 570 473

Age groups (in years)

18-24 14 9.4
25-39 72 25
40-59 379 313
60-64 18 9.7
265 326 270

Education (in years)

<9 351 308
10 374 328
212 415 364

Household income (per month, net, in euro)

<1500 243 29
1,500 - <2500 289 297
2,500 - <3,500 170 175
23,500 271 279
Migration status

Non-migrant 945 784
Migrant foreign born 127 105

Migrant born in Germany 134 11
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Combination of social factors

1 Male, migration history, lawyer

2 Male, no migration history, lawyer

3 Male, migration history, cleaner

4 Male, no migration history, cleaner
5 Female, migration history, lawyer

6 Female, no migration history, lawyer
7 Female, migration history, cleaner

8 Female, no migration history, cleaner
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Group General Chronic S/CF tal
Participants n. (data n.) 461,236 (76) 162,388 (39) 96,403 (13) 623,624 (115)
(mean = SD) 6,069 + 12,802 4,162 % 6,045 7,416 9,244 5,423 10,992
Prevalence % [95% CI] 24.2 (19.9-29.5] 7.7 (5.7-10.3) 1.2[0.6-2.5) 16.4 [13.6-19.9)
Group Adults (>18 years) Minors (<18 years) Occupation Total

Participants . (data 1) 180,938 (9) 17,172 (2) 2,445 (2) 200,555 (13)
(mean £ SD) 20,104 £ 22,592 8586+ 0 1,223 £ 356 15,427 19,953

Unexplained fatigue 7.6 [4.2-13.7) 05[04-0.7) 20(03-13.4] 4.1(2.0-85]

Explained fatigue® 23[0.6-8.6] 0.1{0.0-0.9) 2.4(02-314] 15[0.5-4.6]
Physical cause® 40.0(28.6-56.0] (3) N/A 462 (20.7-100.0] (1) 406 (30.2-54.5] (4)
Mental cause 8.6[6.7-11.1] (1) N/A N/A 8.6(6.7-11.1] (1)

Mixed cause

284 [11.0-73.5) (4)

16.3 [3.4-78.3] (2)

62.9[52.8-74.8) (1)

28.1[14.3-553] (7)

Drug-induced

1.0[05-2.1] (1)

N/A

N/A

1.0(05-2.1] (1)

Prevalence data from studies with information on the presence or absence of medical causes for reported fatigue were included, analyzed and divided into explained and unexplained fatigue.
Proportion (%) of participants reporting causes of fatigue compared to total fatigue was estimated from independent data. Mixed cause included data having no description for physical and/or
mental causes separately. The (number) indicates the number of data for each results.
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Adults Minors Specific

(>18 years) (<18 years) occupation
Total . of included studies 55 8 28 91
Cross-sectional/longitudinal 52/3 612 28/0 86/5
Total . of prevalence data 71 15 29 115
Total . of participants 547,057 58,019 18,548 623,624
Mean n. of participants & SD (7,705  13,379) (3,868 3,405) (640 + 631) (5423 £ 10,992)
Data with gender information 34 6 1 51
Participants n (M:F ratio) 288,842 (50:50) 21,696 (49:51) 4,653 (48:52) 315,191 (50:50)
N. of prevalence data by subgroup (N. of participants)
Type" General fatigue 40 (409,251) 10 (36,525) 26 (15,460) 76 (461,236)
Chronic fatigue 31 (137,806) 5(21,494) 3(3,088) 39 (162,388)
CFS/CFS-like® 9 (84,530) 2(9,428) 2(2,445) 13 (96,403)
Severity® Present 8(51,555) 2(1,306) 3(1,063) 13 (53,924)
Absent 63 (495,502) 13 (56,713) 26 (17,485) 102 (569,700)
Medical cause Described 9(180,938) 2(17,172) 2 (2,445) 13 (200,555)
Undescribed 62 (366,119) 13 (40,847) 27 (16,103) 102 (423,069)
Data collection Questionnaire 49 (187,164) 10 (29,040) 26 (17,223) 85(233,427)
Interview 19 (155,996) 3(11,807) 3(1,325) 25 (169,128)
Telephone survey 9(218,277) 2(17,172) N/A 11(235,449)
Physician reports 2(2,108) N/A 1(194) 3(2,302)
Assessment tool! CFQ 28 (83,496) 2(10,603) 4(4,284) 34(98,383)
CIS(a) 6(36,567) 3(4,773) 1(647) 10 (41,987)
FSS 2(5,341) N/A 4(1,679) 6(7,020)
CIS(b) 5(25,723) N/A N/A 5(25,723)
Self-designed tool 14 (264,219) 8 (36,592) | 4(3,239) 26 (304,050)
Others 25(219,198) 3(11,807) 16 (8,699) 44 (239,704)
Continent® Europe 37(185,597) 12 (30,724) 5 (4,208) 54 (220,529)
America 15 (262,732) 3(27,295) | 10 (5:492) 28(295,519)
Asia 13 (27,331) N/A 13 (8,713) 26 (36,044)
Others 6(71,397) N/A . 1(135) 7(71,532)
Study year Before 2000 24 (161,972) 4(12,161) 2 (1,860) 30 (175,993)
2001-2010 32 (259,458) 9(34,544) 12 (5,791) 53 (299,793)
2011-2020 15 (125,627) 2(11,314) | 15 (10,897) 32(147,838)

2General fatigue represents fatigue lasting less than 6 months or fatigue of unspecified duration.

bIncluding chronic fatigue syndrome (CES) or CES-like data that were presented simultaneously with chronic fatigue.

Studies that measured the severity of fatigue as moderate and severe were included.

4CFQ, Chalder Fatigue Questionnaire; CIS(a), Checklist Individual Strength; FSS, Fatigue Severity Scale; CIS(b), Clinical Interview Schedule; Self-designed tool, tools created by researchers;
Others: Brief Fatigue Inventory, CDC 1988 criteria, CDC 1994 criteria, Center for Epidemiologic Studies-Depression scale, CES Screening Questionnaire, CES Symptom Severity Questionnaire,
Chronic Fatigue Scale, Composite International Diagnostic Interview, version 3.0 (CIDI), Development and Well-being Assessment, Diagnostic Interview Schedule, Emotional State
Questionnaire, Epworth Sleepiness Scores, Fatigue Assessment Scale, Fatigue Questionnaire by Japan Association of Industrial Health, Fatigue Questionnaire (30), Fatigue Scale-14,
General Health Questionnaire-12, ICD-10 criteria, InterRAI-HC assessment, lowa Fatigue Scale, Maslach Burnout Inventory, Multidimensional Assessment of Fatigue, Pediatric Screening
Questionnaire, Piper Fatigue Scale, Fatigue Pictogram, Schedule of Fatigue and Anergia, Short Form Health Survey, Shortened Fatigue Questionnaire, Standard Shiftwork Index, Structured
Clinical Interview for DSM-1V, Visual Analog Scale.

¢Others: Oceania, Africa and Mixed.
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No attenti No GRU

Accuracy (%) 59.10 49.56 4445 46.74
Precision (%) Awake 77.25 92.50 8107 4713
Fatigue 17.46 2030 17.81 4667

Drowsy 4879 932 2045 0
Recall (%) Awake 7371 57.76 5244 2357
Fatigue 3572 90.53 7655 87.29

Drowsy 25.00 024 113 0
FI score Awake 75.44 7111 63.68 3142
Fatigue 23.45 3307 28.89 60.82

Drowsy 33.06 046 214 0
RMSE 027 027 035 027
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