
Edited by  

Sławomir Kujawski, Pawel Zalewski, Lynette Hodges, 

Jo Nijs and Julia Newton

Published in  

Frontiers in Neuroscience 

Frontiers in Physiology 

Frontiers in Public Health 

Frontiers in Psychology

Fatigue: Physiology and 
pathology

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/research-topics/48028/fatigue-physiology-and-pathology
https://www.frontiersin.org/research-topics/48028/fatigue-physiology-and-pathology
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/psychology


February 2024

Frontiers in Neuroscience 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-4471-6 
DOI 10.3389/978-2-8325-4471-6

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


February 2024

Frontiers in Neuroscience 2 frontiersin.org

Fatigue: Physiology and pathology

Topic editors

Sławomir Kujawski — Ludwik Rydygier Collegium Medicum in Bydgoszcz Nicolaus 

Copernicus University in Toruń, Poland

Pawel Zalewski — Nicolaus Copernicus University in Toruń, Poland

Lynette Hodges — Massey University Palmerston North, New Zealand

Jo Nijs — Vrije University Brussels, Belgium

Julia Newton — Newcastle University, United Kingdom

Citation

Kujawski, S., Zalewski, P., Hodges, L., Nijs, J., Newton, J., eds. (2024). 

Fatigue: Physiology and pathology. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-4471-6

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4471-6


February 2024

Frontiers in Neuroscience 3 frontiersin.org

04 Editorial: Fatigue: physiology and pathology
Sławomir Kujawski, Paweł Zalewski, Lynette Hodges, Jo Nijs 
and Julia L. Newton

07 Brainstem volume changes in myalgic 
encephalomyelitis/chronic fatigue syndrome and long 
COVID patients
Kiran Thapaliya, Sonya Marshall-Gradisnik, Markus Barth, 
Natalie Eaton-Fitch and Leighton Barnden

17 A regression method for EEG-based cross-dataset fatigue 
detection
Duanyang Yuan, Jingwei Yue, Xuefeng Xiong, Yibi Jiang, Peng Zan 
and Chunyong Li

33 Cognitive impairment in post-acute sequelae of COVID-19 
and short duration myalgic encephalomyelitis patients is 
mediated by orthostatic hemodynamic changes
Heather Day, Brayden Yellman, Sarah Hammer, Candace Rond, 
Jennifer Bell, Saeed Abbaszadeh, Greg Stoddard, Derya Unutmaz, 
Lucinda Bateman and Suzanne D. Vernon

43 Diaphragmatic breathing exercises in recovery from 
fatigue-induced changes in spinal mobility and postural 
stability: a study protocol
Banafsheh Amiri and Erika Zemková

53 Coaching to strengthen critical success factors in integrative 
care for chronic fatigue patients: the Patient Needs-
Resources Model
Diana Araja, Angelika Krumina, Zaiga Nora-Krukle, 
Marion E. Schneider, Uldis Berkis and Modra Murovska

60 The demographic features of fatigue in the general 
population worldwide: a systematic review and meta-analysis
Ji-Hae Yoon, Na-Hyun Park, Ye-Eun Kang, Yo-Chan Ahn, 
Eun-Jung Lee and Chang-Gue Son

70 Public stigma toward fatigue—do social characteristics of 
affected persons matter? Results from the SOMA.SOC study
Olaf von dem Knesebeck and Rieke Barbek

78 Management of multiple sclerosis fatigue in the digital 
age: from assessment to treatment
Chiara Pinarello, Julia Elmers, Hernán Inojosa, Christian Beste and 
Tjalf Ziemssen

98 Post-exertional malaise in daily life and experimental exercise 
models in patients with myalgic encephalomyelitis/chronic 
fatigue syndrome
Nina K. Vøllestad and Anne Marit Mengshoel

Table of
contents

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


TYPE Editorial
PUBLISHED 02 February 2024
DOI 10.3389/fnins.2024.1368897

OPEN ACCESS

EDITED AND REVIEWED BY

Joel C. Bornstein,
The University of Melbourne, Australia

*CORRESPONDENCE

Sławomir Kujawski
skujawski@cm.umk.pl

RECEIVED 11 January 2024
ACCEPTED 23 January 2024
PUBLISHED 02 February 2024

CITATION

Kujawski S, Zalewski P, Hodges L, Nijs J and
Newton JL (2024) Editorial: Fatigue:
physiology and pathology.
Front. Neurosci. 18:1368897.
doi: 10.3389/fnins.2024.1368897

COPYRIGHT

© 2024 Kujawski, Zalewski, Hodges, Nijs and
Newton. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Editorial: Fatigue: physiology and
pathology

Sławomir Kujawski1*, Paweł Zalewski1,2, Lynette Hodges3,

Jo Nijs4,5,6 and Julia L. Newton7

1Department of Exercise Physiology and Functional Anatomy, Ludwik Rydygier Collegium Medicum in
Bydgoszcz Nicolaus Copernicus University in Toruń, Bydgoszcz, Poland, 2Laboratory of Centre for
Preclinical Research, Department of Experimental and Clinical Physiology, Warsaw Medical University,
Warsaw, Poland, 3School of Sport, Exercise and Nutrition, Massey University, Palmerston North,
New Zealand, 4Pain in Motion International Research Group, Department of Physiotherapy, Human
Physiology and Anatomy, Faculty of Physical Education and Physiotherapy, Vrije Universiteit Brussel,
Ixelles, Belgium, 5Chronic Pain Rehabilitation, Department of Physical Medicine and Physiotherapy,
University Hospital Brussels, Brussels, Belgium, 6Department of Neuroscience and Physiology,
University of Gothenburg, Gothenburg, Sweden, 7Retired, Newcastle upon Tyne, United Kingdom

KEYWORDS

ME/CFS, chronic fatigue, Multiple Sclerosis, fatigue, long COVID, PACS

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 themind.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 becomesmore andmore 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.).
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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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Brainstem volume changes in
myalgic
encephalomyelitis/chronic
fatigue syndrome and long
COVID patients
Kiran Thapaliya1,2*, Sonya Marshall-Gradisnik1, Markus Barth2,3,
Natalie Eaton-Fitch1 and Leighton Barnden1
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Griffith University, Gold Coast, QLD, Australia, 2Centre for Advanced Imaging, The University
of Queensland, Brisbane, QLD, Australia, 3School of Information Technology and Electrical Engineering,
The University of Queensland, Brisbane, QLD, Australia

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.

KEYWORDS

myalgic encephalomyelitis/chronic fatigue syndrome, brainstem, magnetic resonance
imaging (MRI), pain, breathing difficulty, long COVID

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
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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
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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).

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.

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.

1 https://surfer.nmr.mgh.harvard.edu/

2 https://surfer.nmr.mgh.harvard.edu/fswiki/recon-all

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

ME/CFS
(n = 10)

Long COVID
(n = 8)

HC
(n = 10)

P-value

Age 46.4± 15.2 43.2± 10.7 42.3± 14 0.53a , 0.29b , 0.69c ,

F/M 6/4 5/3 7/3 N/A

Pain 38± 20.4 37.8± 16.4 87± 19.7 <0.001a , <0.001b , 0.98c

Breathing difficulty 0.8± 1.13 1.8± 1.6 N/A 0.15c

Superscripts a, b, and c are the p-values for ME/CFS vs. HC, long COVID vs. HC, and ME/CFS vs. long COVID, respectively.
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FIGURE 1

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

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).

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.

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).

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).

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
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TABLE 2 For ME/CFS, and HC, the mean and standard deviation of volumes for the brainstem subfields.

Volume in mm3 P-value 95% confidence interval

Lower Upper

Regions

ME/CFS HC

Medulla 3110.3± 155.7 ↑ 2756.1± 440.6 0.166 −238.7 830.8

Pons 13889.5± 333.5 ↑ 11461.3± 1776.9 0.004* 444.1 4227.1

Midbrain 5331.6± 295.5 ↑ 4792.1± 507.1 0.056 −151.5 1220.1

SCP 270.01± 83.81 ↑ 217.10± 42.25 0.054 −13.2 110.0

Whole brainstem 22601.4± 488.7 ↑ 19226.7± 2644.3 0.01* 261.7 6167.0

↑ 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.

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.

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

Volume in mm3 P-value 95% confidence interval

Lower Upper

Regions

Long COVID HC

Medulla 3302.4± 696.7 ↑ 2756.1± 440.6 0.042 −95.0 1052.9

Pons 14120.3± 2305.8 ↑ 11461.3± 1776.9 0.003* 569.0 4629.6

Midbrain 5456.1± 889.2 ↑ 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 ↑ 19226.7± 2644.3 0.005* 662.5 7001.1

Long COVID volumes were statistically different from HC (p < 0.05). ↑ 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.

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
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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.

Volume in mm3 P-value 95% confidence interval

Lower Upper

Regions

ME/CFS Long COVID

Medulla 3110.3± 155.7 ↓ 3302.4± 696.7 0.407 −741.6 375.9

Pons 13889.5± 333.5 ↓ 14120.3± 2305.8 0.734 −2240.2 1712.7

Midbrain 5331.6± 295.5 ↓ 5456.1± 889.2 0.603 −862.9 570.2

SCP 270.01± 83.81 ↓ 292.27± 83.81 0.335 −88.9 39.8

Whole brainstem 22601.4± 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.

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.

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

Brainstem region Clinical measure r P

ME/CFS

Pons Pain 0.83 0.011

Brainstem Pain 0.85 0.008

Midbrain Breathing difficulty −0.78 0.023

Brainstem Breathing difficulty −0.78 0.022

Long COVID

Midbrain Breathing difficulty −0.91 0.03

r, correlation coefficient. The Spearman correlation test was used to perform correlation
analysis using SPSS software version 28.

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.

Frontiers in Neuroscience 07 frontiersin.org13

https://doi.org/10.3389/fnins.2023.1125208
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1125208 February 25, 2023 Time: 16:54 # 8

Thapaliya et al. 10.3389/fnins.2023.1125208

Data availability statement

The original contributions presented in this study are included
in this article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by Griffith University. The patients/participants provided
their written informed consent to participate in this study.

Author contributions

KT: conceptualization, formal analysis, and writing –
original draft. KT and LB: methodology. KT, LB, NE-F, MB,
and SM-G: writing – review and editing. LB and SM-G:
supervision. All authors contributed to the article and approved
the submitted version.

Funding

This research is funded by ME Research UK (SCIO Charity
Number SC036942) with the financial support of The Fred and
Joan Davies Bequest. Other funding bodies include: The Stafford
Fox Medical Research Foundation (489798), the National Health
and Medical Research Council (1199502), McCusker Charitable
Foundation (49979), Ian and Talei Stewart, Buxton Foundation
(4676), Henty Community (4879), Henty Lions Club (4880),
Mason Foundation (47107), Mr. Douglas Stutt, Blake Beckett Trust
Foundation (4579), Alison Hunter Memorial Foundation (4570),
and the Change for ME Charity (4575).

Acknowledgments

We are thankful to Ms. Tania Manning and Kay Schwarz
for recruiting participants for this study, radiographers (Nicole
Atcheson, Aiman Al-Najjar, Jillian Richardson, and Sarah Daniel)
at the Centre for Advanced Imaging, The University of Queensland
for helping us to acquire MRI data and all the patients
and healthy controls who donated their time and effort to
participate in this study.

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.
1125208/full#supplementary-material

References

Al-Dalahmah, O., Thakur, K. T., and Nordvig, A. S. (2020). Neuronophagia
and microglial nodules in a SARS-CoV-2 patient with cerebellar hemorrhage. Acta
Neuropathol. Commun. 8:147. doi: 10.1186/s40478-020-01024-2

Alonso, J., Prieto, L., and Anto, J. M. (1995). The Spanish version of the SF-36 Health
Survey (the SF-36 health questionnaire): an instrument for measuring clinical results.
Med. Clín. 104, 771–776.

Aurora, S. K., and Brin, M. F. (2017). Chronic migraine: an update on physiology,
imaging, and the mechanism of action of two available pharmacologic therapies.
Headache 57, 109–125. doi: 10.1111/head.12999

Baig, A. M. (2020). Deleterious outcomes in long-hauler COVID-19: the effects of
SARS-CoV-2 on the CNS in chronic COVID syndrome. ACS Chem. Neurosci. 11,
4017–4020. doi: 10.1021/acschemneuro.0c00725

Baker, R., and Shaw, E. J. (2007). Diagnosis and management of chronic fatigue
syndrome or myalgic encephalomyelitis (or encephalopathy): summary of NICE
guidance. BMJ 335, 446–448. doi: 10.1136/bmj.39302.509005.AE

Barnden, L. R., Crouch, B., Kwiatek, R., Burnet, R., Mernone, A., Chryssidis, S.,
et al. (2011). A brain MRI study of chronic fatigue syndrome: evidence of brainstem
dysfunction and altered homeostasis. NMR Biomed. 24, 1302–1312. doi: 10.1002/nbm.
1692

Barnden, L. R., Kwiatek, R., Crouch, B., Burnet, R., and Del Fante, P. (2016).
Autonomic correlations with MRI are abnormal in the brainstem vasomotor centre
in Chronic Fatigue Syndrome. NeuroImage 11, 530–537. doi: 10.1016/j.nicl.2016.
03.017

Barnden, L. R., Shan, Z., Staines, D., Marshall-Gradisnik, S., Finegan, K., Ireland,
T., et al. (2018). Hyperintense sensorimotor T1 spin echo MRI is associated with
brainstem abnormality in chronic fatigue syndrome. Neuroimage Clin. 20, 102–109.
doi: 10.1016/j.nicl.2018.07.011

Barnden, L. R., Shan, Z., Staines, D., Marshall-Gradisnik, S., Finegan, K., Ireland,
T., et al. (2019). Intra brainstem connectivity is impaired in chronic fatigue syndrome.
NeuroImage 24:102045. doi: 10.1016/j.nicl.2019.102045

Benarroch, E. E. (2018). Brainstem integration of arousal, sleep, cardiovascular, and
respiratory control. Neurology 91, 958–966. doi: 10.1212/WNL.0000000000006537

Bourke, J. H., Johnson, A. L., Sharpe, M., Chalder, T., and White, D. (2014). Pain
in chronic fatigue syndrome: response to rehabilitative treatments in the PACE trial.
Psychol. Med. 44, 1545–1552. doi: 10.1017/S0033291713002201

Boutou, A. K., Asimakos, A., Kortianou, E., Vogiatzis, I., and Tzouvelekis, A.
(2021a). Long COVID-19 pulmonary sequelae and management considerations.
J. Pers. Med. 11:838. doi: 10.3390/jpm11090838

Boutou, A. K., Georgopoulou, A., Pitsiou, G., Stanopoulos, I., Kontakiotis, T., and
Kioumis, I. (2021b). Changes in the respiratory function of COVID-19 survivors
during follow-up: a novel respiratory disorder on the rise? Int. J. Clin. Pract. 75:e14301.
doi: 10.1111/ijcp.14301

Bradley, B. T., Maioli, H., Johnston, R., Chaudhry, I., Fink, S., Xu, H., et al.
(2020). Histopathology and ultrastructural findings of fatal COVID-19 infections in
Washington State: a case series. Lancet 396, 320–332. doi: 10.1016/S0140-6736(20)
31305-2

Frontiers in Neuroscience 08 frontiersin.org14

https://doi.org/10.3389/fnins.2023.1125208
https://www.frontiersin.org/articles/10.3389/fnins.2023.1125208/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1125208/full#supplementary-material
https://doi.org/10.1186/s40478-020-01024-2
https://doi.org/10.1111/head.12999
https://doi.org/10.1021/acschemneuro.0c00725
https://doi.org/10.1136/bmj.39302.509005.AE
https://doi.org/10.1002/nbm.1692
https://doi.org/10.1002/nbm.1692
https://doi.org/10.1016/j.nicl.2016.03.017
https://doi.org/10.1016/j.nicl.2016.03.017
https://doi.org/10.1016/j.nicl.2018.07.011
https://doi.org/10.1016/j.nicl.2019.102045
https://doi.org/10.1212/WNL.0000000000006537
https://doi.org/10.1017/S0033291713002201
https://doi.org/10.3390/jpm11090838
https://doi.org/10.1111/ijcp.14301
https://doi.org/10.1016/S0140-6736(20)31305-2
https://doi.org/10.1016/S0140-6736(20)31305-2
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1125208 February 25, 2023 Time: 16:54 # 9

Thapaliya et al. 10.3389/fnins.2023.1125208

Bulfamante, G., Bocci, T., Falleni, M., Campiglio, L., Coppola, S., Tosi, D., et al.
(2021). Brainstem neuropathology in two cases of COVID-19: SARS-CoV-2 trafficking
between brain and lung. J. Neurol. 268, 4486–4491. doi: 10.1007/s00415-021-10604-8

Carruthers, B. M., Jain, A., De Meirleir, K., Peterson, D. L., Klimas, N. G., and
Lerner, A. M. (2003). Myalgic encephalomyelitis/chronic fatigue syndrome: clinical
working case definition, diagnostic and treatment protocols. J. Chronic Fatigue Syndr.
11, 7–115.

Carruthers, B. M., van de Sande, M., De Meirleir, K., Klimas, N., Broderick, G.,
Mitchell, T., et al. (2011). Myalgic encephalomyelitis: international consensus criteria.
J. Internal Med. 270, 327–338. doi: 10.1111/j.1365-2796.2011.02428.x

Chen, C., Haupert, S. R., Zimmermann, L., Shi, X., Fritsche, L. G., and Mukherjee,
B. (2022). Global prevalence of post COVID-19 condition or long COVID: a meta-
analysis and systematic review. J. Infect. Dis. 226, 1593–1607. doi: 10.1093/infdis/
jiac136

Chong, C. D., Plasencia, J. D., Frakes, D. H., and Schwedt, T. J. (2017). Structural
alterations of the brainstem in migraine. Neuroimage Clin. 13, 223–227. doi: 10.1016/
j.nicl.2016.10.023

Costa, D. C., Tannock, C., and Brostoff, J. (1995). Brainstem perfusion is impaired
in chronic fatigue syndrome. QJM 88, 767–773.

Davis, H. E., Assaf, G., McCorkell, L., Wei, H., Low, R., Redfield, S., et al. (2021).
Characterizing long COVID in an international cohort: 7 months of symptoms and
their impact. eClinicalMedicine 38:101019. doi: 10.1016/j.eclinm.2021.101019

de Lange, F., Kalkman, J. S., Bleijenberg, G., Hagoort, P., van der Meer, J. W. M.,
and Toni, I. (2005). Gray matter volume reduction in the chronic fatigue syndrome.
Neuroimage 26, 777–781. doi: 10.1016/j.neuroimage.2005.02.037

Deigendesch, N., Sironi, L., Kutza, M., Wischnewski, S., Fuchs, V., Hench, J., et al.
(2020). Correlates of critical illness-related encephalopathy predominate postmortem
COVID-19 neuropathology. Acta Neuropathol. 140, 583–586. doi: 10.1007/s00401-
020-02213-y

Douaud, G., Lee, S., Alfaro-Almagro, F., Arthofer, C., Wang, C., McCarthy, P., et al.
(2022). SARS-CoV-2 is associated with changes in brain structure in UK Biobank.
Nature 604, 697–707. doi: 10.1038/s41586-022-04569-5

Eaton-Fitch, N., Johnston, S. C., Zalewski, P., Staines, D., and Marshall-
Gradisnik, S. (2020). Health-related quality of life in patients with myalgic
encephalomyelitis/chronic fatigue syndrome: an Australian cross-sectional study.
Qual. Life Res. 29, 1521–1531. doi: 10.1007/s11136-019-02411-6

Fabbri, V., Foschini, M., Lazzarotto, T., Gabrielli, L., Cenacchi, G., Gallo,
C., et al. (2021). Brain ischemic injury in COVID-19-infected patients: a
series of 10 post-mortem cases. Brain Pathol. 31, 205–210. doi: 10.1111/bpa.1
2901

Finkelmeyer, A., He, J., Maclachlan, L., Watson, S., Gallagher, P., Newton, J., et al.
(2018). Grey and white matter differences in chronic fatigue syndrome - a voxel-based
morphometry study. Neuroimage Clin. 17, 24–30. doi: 10.1016/j.nicl.2017.09.024

Fischl, B. (2012). FreeSurfer. NeuroImage 62, 774–781. doi: 10.1016/j.neuroimage.
2012.01.021

Fukuda, K. (1994). The chronic fatigue syndrome: a comprehensive approach to
its definition and study. Ann. Intern. Med. 121:953. doi: 10.7326/0003-4819-121-12-
199412150-00009

Garcia-Rill, E., Kezunovic, N., Hyde, J., Simon, C., Beck, P., and Urbano, F. J. (2013).
Coherence and frequency in the reticular activating system (RAS). Sleep Med. Rev. 17,
227–238. doi: 10.1016/j.smrv.2012.06.002

Garcia-Rill, E., Virmani, T., Hyde, J. R., D’Onofrio, S., and Mahaffey, S. (2016).
Arousal and the control of perception and movement. Curr. Trends Neurol. 10, 53–64.

González-Hermosillo, J. A., Martínez-López, J., Carrillo-Lampón, S., Ruiz-Ojeda,
D., Herrera-Ramírez, S., Amezcua-Guerra, L., et al. (2021). Post-Acute COVID-
19 symptoms, a potential link with myalgic encephalomyelitis/chronic fatigue
syndrome: a 6-month survey in a Mexican cohort. Brain Sci. 11:760. doi: 10.3390/
brainsci11060760

Greenhalgh, T., Knight, M., A’Court, C., Buxton, M., and Husain, L. (2020).
Management of post-acute covid-19 in primary care. BMJ 370:m3026. doi: 10.1136/
bmj.m3026

Guyton, A. C., and Hall, J. E. (2011). Guyton and Hall Textbook of Medical
Physiology. Amsterdam: Elsevier.

Held, K., and Tóth, B. I. (2021). TRPM3 in brain (patho)physiology. Front. Cell Dev.
Biol. 9:635659. doi: 10.3389/fcell.2021.635659

Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu, X., et al. (2021). 6-month
consequences of COVID-19 in patients discharged from hospital: a cohort study.
Lancet 397, 220–232. doi: 10.1016/S0140-6736(20)32656-8

Iglesias, J. E., Van Leemput, K., Bhatt, P., Casillas, C., Dutt, S., Schuff, N., et
al., (2015). Bayesian segmentation of brainstem structures in MRI. Neuroimage 113,
184–195. doi: 10.1016/j.neuroimage.2015.02.065

Ioachim, G., Warren, H. J. M., Powers, J. M., Staud, R., Pukall, C. F., and Stroman,
W. (2022). Altered pain in the brainstem and spinal cord of fibromyalgia patients
during the anticipation and experience of experimental pain. Front. Neurol. 13:862976.
doi: 10.3389/fneur.2022.862976

Jason, L. A., and Islam, M. F. (2022). A classification system for post-acute sequelae
of SARS CoV-2 infection. Central Asian J. Med. Hypoth. Ethics 3, 38–51. doi: 10.47316/
cajmhe.2022.3.1.04

Kedor, C., Freitag, H., Meyer-Arndt, L., Wittke, K., Hanitsch, L., Zoller, T.,
et al. (2022). A prospective observational study of post-COVID-19 chronic fatigue
syndrome following the first pandemic wave in Germany and biomarkers associated
with symptom severity. Nat. Commun. 13:5104. doi: 10.1038/s41467-022-32507-6

Khonsary, S. A. (2022). Atlas of functional neuroanatomy. Surg. Neurol. Int. 13:238.
doi: 10.25259/SNI_424_2022

Komaroff, A. L., and Bateman, L. (2021). Will COVID-19 lead to myalgic
encephalomyelitis/chronic fatigue syndrome? Front. Med. 7:606824. doi: 10.3389/
fmed.2020.606824

Letko, M., Marzi, A., and Munster, V. (2020). Functional assessment of cell entry and
receptor usage for SARS-CoV-2 and other lineage B betacoronaviruses. Nat. Microbiol.
5, 562–569. doi: 10.1038/s41564-020-0688-y

Lim, E.-J., Ahn, Y.-C., Jang, E.-S., Lee, S.-W., Lee, S.-H., and Son, C.-G.
(2020). Systematic review and meta-analysis of the prevalence of chronic fatigue
syndrome/myalgic encephalomyelitis (CFS/ME). J. Transl. Med. 18:100. doi: 10.1186/
s12967-020-02269-0

Lu, Y., Li, X., Geng, D., Mei, N., Wu, P., Huang, C., et al. (2020). Cerebral micro-
structural changes in COVID-19 patients – an MRI-based 3-month follow-up study.
EClinicalMedicine 25:100484. doi: 10.1016/j.eclinm.2020.100484

Mancini, D. M., Brunjes, D. L., Lala, A., Trivieri, M. G., Contreras, J., and Natelson,
B. H. (2021). Use of cardiopulmonary stress testing for patients with unexplained
dyspnea post–coronavirus disease. JACC 9, 927–937. doi: 10.1016/j.jchf.2021.10.002

Mandal, S., Barnett, J., Brill, S., Brown, J., Denneny, E., Hare, S., et al. (2021). “Long-
COVID”: a cross-sectional study of persisting symptoms, biomarker and imaging
abnormalities following hospitalisation for COVID-19. Thorax 76, 396–398. doi: 10.
1136/thoraxjnl-2020-215818

Manganelli, F., Vargas, M., Iovino, A., Iacovazzo, C., Santoro, L., and Servillo, G.
(2020). Brainstem involvement and respiratory failure in COVID-19. Neurol. Sci. 41,
1663–1665. doi: 10.1007/s10072-020-04487-2

Mantovani, E., Mariotto, S., Gabbiani, D., Dorelli, G., Bozzetti, S., Federico, A.,
et al. (2021). Chronic fatigue syndrome: an emerging sequela in COVID-19 survivors?
J. Neurovirol. 27, 631–637. doi: 10.1007/s13365-021-01002-x

Mao, L., Jin, H., Wang, M., Hu, Y., Chen, S., He, Q., et al. (2020). Neurologic
manifestations of hospitalized patients with coronavirus disease 2019 in Wuhan,
China. JAMA Neurol. 77, 1–9. doi: 10.1001/jamaneurol.2020.1127

Marshall-Gradisnik, S., and Eaton-Fitch, N. (2022). Understanding myalgic
encephalomyelitis. Science 377, 1150–1151. doi: 10.1126/science.abo1261

Matschke, J., Lütgehetmann, M., Hagel, C., Sperhake, J., Schröder, A., Edler, C., et al.
(2020). Neuropathology of patients with COVID-19 in Germany: a post-mortem case
series. Lancet Neurol. 19, 919–929. doi: 10.1016/S1474-4422(20)30308-2

Meinhardt, J., Radke, J., Dittmayer, C., Franz, J., Thomas, C., Mothes, R., et al.
(2021). Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous
system entry in individuals with COVID-19. Nat. Neurosci. 24, 168–175. doi: 10.1038/
s41593-020-00758-5

Membrilla, J. A., Caronna, E., Trigo-López, J., González-Martínez, A., Layos-
Romero, A., Pozo-Rosich, P., et al. (2021). Persistent headache after COVID-19:
pathophysioloy, clinic and treatment. Neurol Perspect. 1, S31–S36. doi: 10.1016/j.
neurop.2021.10.003

Mills, E., Keay, K. A., and Henderson, L. A. (2021). Brainstem pain-modulation
circuitry and its plasticity in neuropathic pain: insights from human brain imaging
investigations. Front. Pain Res. 2:705345. doi: 10.3389/fpain.2021.705345

Moreira, T. S., Takakura, A., Damasceno, R., Falquetto, B., Totola, L., Sobrinho,
C., et al. (2011). Central chemoreceptors and neural mechanisms of cardiorespiratory
control. Braz. J. Med. Biol. Res. 44, 883–889. doi: 10.1590/s0100-879x2011007500094

Mukerji, S. S., and Solomon, I. H. (2021). What can we learn from brain autopsies
in COVID-19? Neurosci. Lett. 742:135528. doi: 10.1016/j.neulet.2020.135528

Naidich, T., Duvernoy, H. M., Delman, B. N., Sorensen, A. G., Kollias, S. S., and
Haacke, E. M. (2009). Duvernoy’s Atlas of the Human Brain Stem and Cerebellum: High-
Field MRI, Surface Anatomy, Internal Structure, Vascularization and 3 D Sectional
Anatomy. Berlin: Springer Science & Business Media.

Nalbandian, A., Sehgal, K., Gupta, A., Madhavan, M., McGroder, C., Stevens, J., et al.
(2021). Post-acute COVID-19 syndrome. Nat. Med. 27, 601–615. doi: 10.1038/s41591-
021-01283-z

Napadow, V., Sclocco, R., and Henderson, L. A. (2019). Brainstem
neuroimaging of nociception and pain circuitries. PAIN Rep. 4:e745.
doi: 10.1097/PR9.0000000000000745

Nicholls, J. G., and Paton, J. F. R. (2009). Brainstem: neural networks vital for life.
Philos. Trans. R Soc. Lond. B Biol. Sci. 364, 2447–2451. doi: 10.1098/rstb.2009.0064

Nicoletti, G., Valentino, P., Chiriaco, C., Granata, A., Barone, S., Filippelli, E.,
et al. (2017). Superior cerebellar peduncle atrophy predicts cognitive impairment in
relapsing remitting multiple sclerosis patients with cerebellar symptoms: a DTI study.
J. Multiple Scler. 4, 1–6.

Frontiers in Neuroscience 09 frontiersin.org15

https://doi.org/10.3389/fnins.2023.1125208
https://doi.org/10.1007/s00415-021-10604-8
https://doi.org/10.1111/j.1365-2796.2011.02428.x
https://doi.org/10.1093/infdis/jiac136
https://doi.org/10.1093/infdis/jiac136
https://doi.org/10.1016/j.nicl.2016.10.023
https://doi.org/10.1016/j.nicl.2016.10.023
https://doi.org/10.1016/j.eclinm.2021.101019
https://doi.org/10.1016/j.neuroimage.2005.02.037
https://doi.org/10.1007/s00401-020-02213-y
https://doi.org/10.1007/s00401-020-02213-y
https://doi.org/10.1038/s41586-022-04569-5
https://doi.org/10.1007/s11136-019-02411-6
https://doi.org/10.1111/bpa.12901
https://doi.org/10.1111/bpa.12901
https://doi.org/10.1016/j.nicl.2017.09.024
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.7326/0003-4819-121-12-199412150-00009
https://doi.org/10.7326/0003-4819-121-12-199412150-00009
https://doi.org/10.1016/j.smrv.2012.06.002
https://doi.org/10.3390/brainsci11060760
https://doi.org/10.3390/brainsci11060760
https://doi.org/10.1136/bmj.m3026
https://doi.org/10.1136/bmj.m3026
https://doi.org/10.3389/fcell.2021.635659
https://doi.org/10.1016/S0140-6736(20)32656-8
https://doi.org/10.1016/j.neuroimage.2015.02.065
https://doi.org/10.3389/fneur.2022.862976
https://doi.org/10.47316/cajmhe.2022.3.1.04
https://doi.org/10.47316/cajmhe.2022.3.1.04
https://doi.org/10.1038/s41467-022-32507-6
https://doi.org/10.25259/SNI_424_2022
https://doi.org/10.3389/fmed.2020.606824
https://doi.org/10.3389/fmed.2020.606824
https://doi.org/10.1038/s41564-020-0688-y
https://doi.org/10.1186/s12967-020-02269-0
https://doi.org/10.1186/s12967-020-02269-0
https://doi.org/10.1016/j.eclinm.2020.100484
https://doi.org/10.1016/j.jchf.2021.10.002
https://doi.org/10.1136/thoraxjnl-2020-215818
https://doi.org/10.1136/thoraxjnl-2020-215818
https://doi.org/10.1007/s10072-020-04487-2
https://doi.org/10.1007/s13365-021-01002-x
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1126/science.abo1261
https://doi.org/10.1016/S1474-4422(20)30308-2
https://doi.org/10.1038/s41593-020-00758-5
https://doi.org/10.1038/s41593-020-00758-5
https://doi.org/10.1016/j.neurop.2021.10.003
https://doi.org/10.1016/j.neurop.2021.10.003
https://doi.org/10.3389/fpain.2021.705345
https://doi.org/10.1590/s0100-879x2011007500094
https://doi.org/10.1016/j.neulet.2020.135528
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1097/PR9.0000000000000745
https://doi.org/10.1098/rstb.2009.0064
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1125208 February 25, 2023 Time: 16:54 # 10

Thapaliya et al. 10.3389/fnins.2023.1125208

O’Kelly, B., Vidal, L., Avramovic, G., Broughan, J., Connolly, S., Cotter, A., et al.
(2022). Assessing the impact of COVID-19 at 1-year using the SF-12 questionnaire:
data from the Anticipate longitudinal cohort study. Int. J. Infect. Dis. 118, 236–243.
doi: 10.1016/j.ijid.2022.03.013

Ragozzino, F. J., Arnold, R., Fenwick, A., Riley, T., Lindberg, J., Peterson,
B., et al. (2021). TRPM3 expression and control of glutamate release from
primary vagal afferent neurons. J. Neurophysiol. 125, 199–210. doi: 10.1152/jn.002
29.2020

Ravindran, M. K., Adewuyi, O., Zheng, Y., Rayhan, R., Le, U., Timbol, C.,
et al. (2013). Dyspnea in Chronic Fatigue Syndrome (CFS): comparison of two
prospective cross-sectional studies. Glob. J. Health Sci. 5, 94–110. doi: 10.5539/gjhs.v5
n2p94

Salomon, T, Cohen, A, Barazany, D, Ben-Zvi, G, Botvinik-Nezer, R, Gera, R, et al.
(2021). Brain volumetric changes in the general population following the COVID-
19 outbreak and lockdown. NeuroImage 239:118311. doi: 10.1016/j.neuroimage.2021.
118311

Saper, C. B., and Fuller, M. (2017). Wake-sleep circuitry: an
overview. Curr. Opin. Neurobiol. 44, 186–192. doi: 10.1016/j.conb.2017.
03.021

Sasso, E. M., Muraki, K., Eaton-Fitch, N., Smith, P., Lesslar, O., Deed, G., et al.
(2022). Transient receptor potential melastatin 3 dysfunction in post COVID-19
condition and myalgic encephalomyelitis/chronic fatigue syndrome patients. Mol.
Med. 28:98. doi: 10.1186/s10020-022-00528-y

Schurink, B., Roos, E., Radonic, T., Barbe, E., Bouman, C., de Boer, H. H., et al.
(2020). Viral presence and immunopathology in patients with lethal COVID-19: a
prospective autopsy cohort study. Lancet Microbe 1, e290–e299. doi: 10.1016/S2666-
5247(20)30144-0

Shah, A. S., Wong, A., Hague, C., Murphy, D., Johnston, J., Ryerson, C.,
et al. (2021). A prospective study of 12-week respiratory outcomes in COVID-
19-related hospitalisations. Thorax 76, 402–404. doi: 10.1136/thoraxjnl-2020-2
16308

Smith, J. C., Ellenberger, H. H., Ballanyi, K., Richter, D. W., and Feldman,
J. L. (1991). Pre-Bötzinger complex: a brainstem region that may generate
respiratory rhythm in mammals. Science 254, 726–729. doi: 10.1126/science.16
83005

Stornetta, R. L. (2008). Identification of neurotransmitters and co-localization of
transmitters in brainstem respiratory neurons. Respir. Physiol. Neurobiol. 164, 18–27.
doi: 10.1016/j.resp.2008.07.024

Stussman, B., Williams, A., Snow, J., Gavin, A., Scott, R., Nath, A., et al.
(2020). Characterization of post–exertional malaise in patients with myalgic
encephalomyelitis/chronic fatigue syndrome. Front. Neurol. 11:1025. doi: 10.3389/
fneur.2020.01025

Sukocheva, O. A., Maksoud, R., Beeraka, N., Madhunapantula, S., Sinelnikov, M.,
Nikolenko, V., et al. (2021). Analysis of post COVID-19 condition and its overlap
with myalgic encephalomyelitis/chronic fatigue syndrome. J. Adv. Res. 40, 179–196.
doi: 10.1016/j.jare.2021.11.013

Thapaliya, K., Marshall-Gradisnik, S., Staines, D., and Barnden, L. (2020). Mapping
of pathological change in chronic fatigue syndrome using the ratio of T1- and
T2-weighted MRI scans. NeuroImage 28:102366. doi: 10.1016/j.nicl.2020.102366

Thapaliya, K., Marshall-Gradisnik, S., Staines, D., and Barnden, L. (2021).
Diffusion tensor imaging reveals neuronal microstructural changes in myalgic
encephalomyelitis/chronic fatigue syndrome. Eur. J. Neurosci. 54, 6214–6228. doi:
10.1111/ejn.15413

Thapaliya, K., Marshall-Gradisnik, S., Staines, D., Su, J., and Barnden, L. (2022a).
Alteration of cortical volume and thickness in myalgic encephalomyelitis/chronic
fatigue syndrome. Front. Neurosci. 16:848730. doi: 10.3389/fnins.2022.848730

Thapaliya, K., Staines, D., Marshall-Gradisnik, S., Su, J., and Barnden, L. (2022b).
Volumetric differences in hippocampal subfields and associations with clinical
measures in myalgic encephalomyelitis/chronic fatigue syndrome. J. Neurosci. Res.
100, 1476–1486. doi: 10.1002/jnr.25048

Thapaliya, K., Urriola, J., Barth, M., Reutens, D. C., Bollmann, S., and Vegh, V.
(2019). 7T GRE-MRI signal compartments are sensitive to dysplastic tissue in focal
epilepsy. Magn. Resonan. Imaging 61, 1–8. doi: 10.1016/j.mri.2019.05.011

Twomey, R., DeMars, J., Franklin, K., Culos-Reed, S. N., Weatherald, J., and
Wrightson, J. G. (2022). Chronic fatigue and postexertional malaise in people living
with long COVID: an observational study. Phys. Ther. 102:zac005. doi: 10.1093/ptj/
pzac005

von Weyhern, C. H., Kaufmann, I., Neff, F., and Kremer, M. (2020). Early evidence
of pronounced brain involvement in fatal COVID-19 outcomes. Lancet 395:e109.
doi: 10.1016/S0140-6736(20)31282-4

Wong, T. L., and Weitzer, D. J. (2021). Long COVID and myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS)—a systemic review
and comparison of clinical presentation and symptomatology. Medicina 57:418.
doi: 10.3390/medicina57050418

World Health Organization [WHO] (2021). A Clinical Case Definition
of Post COVID-19 Condition by a Delphi Consensus. Available online at:
https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-Post_COVID-
19_condition-Clinical_case_definition-2021.1 (accessed September 29, 2022).

World Health Organization [WHO] (2022). WHO Coronavirus (COVID-19)
Dashboard. Available online at: https://covid19.who.int (accessed September 29, 2022).

Yelin, D., Margalit, I., Yahav, D., Runold, M., and Bruchfeld, J. (2021). Long COVID-
19—it’s not over until? Clin. Microbiol. Infect. 27, 506–508. doi: 10.1016/j.cmi.2020.
12.001

Yong, S. J. (2021a). Long COVID or post-COVID-19 syndrome: putative
pathophysiology, risk factors, and treatments. Infect. Dis. 53, 737–754. doi: 10.1080/
23744235.2021.1924397

Yong, S. J. (2021b). Persistent brainstem dysfunction in long-COVID: a hypothesis.
ACS Chem. Neurosci. 12, 573–580. doi: 10.1021/acschemneuro.0c00793

Zhou, P., Yang, X., Wang, X., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature
579, 270–273. doi: 10.1038/s41586-020-2012-7

Frontiers in Neuroscience 10 frontiersin.org16

https://doi.org/10.3389/fnins.2023.1125208
https://doi.org/10.1016/j.ijid.2022.03.013
https://doi.org/10.1152/jn.00229.2020
https://doi.org/10.1152/jn.00229.2020
https://doi.org/10.5539/gjhs.v5n2p94
https://doi.org/10.5539/gjhs.v5n2p94
https://doi.org/10.1016/j.neuroimage.2021.118311
https://doi.org/10.1016/j.neuroimage.2021.118311
https://doi.org/10.1016/j.conb.2017.03.021
https://doi.org/10.1016/j.conb.2017.03.021
https://doi.org/10.1186/s10020-022-00528-y
https://doi.org/10.1016/S2666-5247(20)30144-0
https://doi.org/10.1016/S2666-5247(20)30144-0
https://doi.org/10.1136/thoraxjnl-2020-216308
https://doi.org/10.1136/thoraxjnl-2020-216308
https://doi.org/10.1126/science.1683005
https://doi.org/10.1126/science.1683005
https://doi.org/10.1016/j.resp.2008.07.024
https://doi.org/10.3389/fneur.2020.01025
https://doi.org/10.3389/fneur.2020.01025
https://doi.org/10.1016/j.jare.2021.11.013
https://doi.org/10.1016/j.nicl.2020.102366
https://doi.org/10.1111/ejn.15413
https://doi.org/10.1111/ejn.15413
https://doi.org/10.3389/fnins.2022.848730
https://doi.org/10.1002/jnr.25048
https://doi.org/10.1016/j.mri.2019.05.011
https://doi.org/10.1093/ptj/pzac005
https://doi.org/10.1093/ptj/pzac005
https://doi.org/10.1016/S0140-6736(20)31282-4
https://doi.org/10.3390/medicina57050418
https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://www.who.int/publications-detail-redirect/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://covid19.who.int
https://doi.org/10.1016/j.cmi.2020.12.001
https://doi.org/10.1016/j.cmi.2020.12.001
https://doi.org/10.1080/23744235.2021.1924397
https://doi.org/10.1080/23744235.2021.1924397
https://doi.org/10.1021/acschemneuro.0c00793
https://doi.org/10.1038/s41586-020-2012-7
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
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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 detectionmethod 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 (LiuW. et al., 2019). To avoid failures caused by
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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 andmay 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, themethods of fatigue detection aremainly judged from
facial expressions, physiological signals, and questionnaire surveys, but
it is difficult to have a general fatigue detectionmodel 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 amethod 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
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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
Xs, Ys{ } � (xsi, ysi){ }Ns

i�1, denoted as the multi-source domain Ds,
and unlabeled EEG samples from the another dataset
Xt{ } � xtj{ }Nt

j�1, denoted as the multi-target domain Dt, where
Xs ∈ Rd×Ns , Xt ∈ Rd×Nt , Ys ∈ RC×Ns , xsi, xtj ∈ Rd, and ysi ∈ RC is
a one-hot vector, d is the feature dimensionality, C is the fatigue
index, and Ns and Nt 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: Ps(Xs) ≠ Pt(Xt) and Ps(Ys|Xs) ≠ Pt(Yt|Xt).
Domain adaptation solves this problem by mapping the multi-
source and multi-target domains to a new space R and then

FIGURE 1
All trails’ reaction times.
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minimizing the distance Ds−t between the multi-source mapping
distributions RXs and multi-target mapping distributions RXt.

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 τ 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.

FIGURE 2
Curves before and after the transformation. (A) RT curve. (B) DI curve.
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DI � max 0,
1 − e− τ−τ0( )

1 + e− τ−τ0( )( ), (1)

where τ0 was set to 1.
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.

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

FIGURE 3
Channels of the SEED dataset and multi-channel dataset. (A) SEED dataset. (B) Multi-channel dataset.

FIGURE 4
Random sampling method.
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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 [Ni,Ni+1], and
each has its own index. For example, the EEG sub-sequence
[N0, N1] corresponds to indexN1 and the EEG sub-sequence
[N1, N2] corresponds to indexN2, and so on. A random offset of
[0, T − 1]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

[iT, (i + 1)T] and the corresponding index index[iT,(i+1)T] is shown
in Equation 2.

index iT, i+1( )T[ ] �

indexN1 , if 0< iT<N1 ,∫N1

iT
indexN1dt + ∫ i+1( )T

N1

indexN2dt

T
, if N1 < iT<N2 ,

∫N1

iT
indexN1dt + ∫N2

N1

indexN2dt + ∫ i+1( )T

N2

indexN3dt

T
, if N2 < iT<N3.

. . . , . . .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

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.

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 Gf and then fed into Dg . In the domain-specific adaptive step, the specific features
of the two domains are extracted by Sf . Then, the distance MMD between the specific features is calculated by Da , and the fatigue index of the source
domain is fitted by Rp.
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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), Xs and Xt are input into the common
feature extractor Gf to extract specific features (Fs(Xsi) and Ft(Xtj))
for different tasks. Then, the domain discriminator Dg is used to
determine whether these specific features come from Xs (“0”) or Xt

(“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.

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 Sf ,
domain distribution alignment network Da, and regression
multilayer perceptron Rp. First, the specific features of Xs and Xt

are extracted by Sf . Then, the distance MMD (Chen et al., 2021)
between the specific features is calculated by Da, and the fatigue
index of the source domain is fitted by Rp 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 Ds and Dt more uniform, that is,

lim
t 













→ s

[Ps(Xs) � Pt(Xt)] and lim
t 













→ s

[Ps(Ys|Xs) �
Pt(Yt|Xt)]. 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.

FIGURE 6
(A) Channel-wise attention model. (B) Spatial attention model. (C) Network structure of the common feature extractor.
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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 attentionmodels are shown in Figures 6A, B. Themethod 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 Gf is shown in Figure 6C.

2.3.2 Domain-specific adaptive step
In the domain-specific adaptive step, this study builds the

domain-specific feature extractor Sf. The domain-specific feature
extractor Sf extracts multi-representations of Xs and Xt, that is,
RXsi
{ }Ns

i
and RXtj

{ }Nt

j
. Sf maps them to a common subspace∅ and

preserves the key features of each domain and Sf by using a
Gf-based shared feature extractor, i.e., Sf � Gf, 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

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.

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
themulti-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, andmulti-channel_2 indicate awake, fatigue, and drowsy states of themulti-channel
dataset, respectively.
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the domain distribution alignment network Da. 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.

MMD RXsi
{ }Ns

i
, RXtj
{ }Nt

j
( ) � 1

Ns
∑Ns

i�1∅ RXsi
{ }

i
( ) − 1

Nt
∑Nt

j�1∅ RXtj
{ }

j
( )�������� ��������2.

(3)

Finally, the multi-representation vector RXsi
{ }Ns

i
is connected

to a new vector and fed into the regression multilayer perceptron
Rp 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.

MSE Ŷ, Y( ) � 1
Ns

∑Ns

i�1
ŷi − yi( )2, (4)

Lloss � MSE Ŷ, Y( ) + α × MMD RXsi
{ }Ns

i
, RXtj
{ }Nt

j
( ), (5)

where α 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.

Input: The EEG data on the source domain and target

domain, Xs and Xt.

The labels of source domain Ys, epoch N and batch size B,

learning rate lr, parameters α;

Output: prediction of target domain data, Ŷ{ }.
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 xsi{ }Ns

i�1 from Xs{ };
4. Sample target examples xtj{ }Nt

j�1 from Xt{ };
5. Sample labels “0” (source domain) and “1”

(target domain);

5. Use Gf to extract Fs(Xsi) and Ft(Xtj);
6. Fs(Xsi) and Ft(Xtj) are input into the Dg 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 Sf

9. for (epoch ← 1; epoch ≤ N; epoch ← epoch + 1) do

10. repeat

11. Sample source examples (xsi , ysi){ }Ns

i�1 from Xs, Ys{ };
12. Sample target examples xtj{ }Nt

j�1 from Xt{ };
13. Use Sf to extract RXsi

{ }Ns

i
and RXtj

{ }Nt

j
;

14. RXsi
{ }Ns

i
and RXtj

{ }Nt

j
are input into Da to

compute MMD( RXsi
{ }Ns

i
, RXtj
{ }Nt

j
) (3);

15. Concat RXsi
{ }Ns

i
to regression multilayer

perceptron Rp to calculate the MSE(Ŷ, Y) (4);
16. The total loss is Lloss (5);

17. Update the model by minimizing the total loss;

18. end for 19. Input Xt{ } into the updated model to

predict;

20. return prediction of target domain data, Ŷ{ }.
Algorithm 1: A regression method for EEG-based cross-dataset
fatigue detection.

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.

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
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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. α 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.

Precision � TP

TP + FP
, (6)

Recall � TP

TP + FN
, (7)

F1score � 2*Precision*Recall
Precision + Recall

, (8)

Accuracy � TP + TN

TP + TN + FN + FP
, (9)

RMSE Y, Ŷ( ) � �������������
1
N

∑N
i�1

yi − ŷi( )2,√√
(10)

where TP, TN, FP, and FN represent the number of true positive,
true negative, false positive, and false negative values. Y �
(y1, y2, . . . , yN)T is the true value, and Ŷ � (ŷ1, ŷ2, . . . , ŷN)T 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.TA
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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.

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.

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,

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.
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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

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.

TABLE 2 Cross-dataset fatigue detection results.

Proposed method No attention No GRU No pre-training

Accuracy (%) 59.10 49.56 44.45 46.74

Precision (%) Awake 77.25 92.50 81.07 47.13

Fatigue 17.46 20.30 17.81 46.67

Drowsy 48.79 9.32 20.45 0

Recall (%) Awake 73.71 57.76 52.44 23.57

Fatigue 35.72 90.53 76.55 87.29

Drowsy 25.00 0.24 1.13 0

F1 score Awake 75.44 71.11 63.68 31.42

Fatigue 23.45 33.17 28.89 60.82

Drowsy 33.06 0.46 2.14 0

RMSE 0.27 0.27 0.35 0.27
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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.

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

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.

FIGURE 12
RMSE after adding labels. Specifically, red indicates the accuracy of the proposed method, which achieves better performance.
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compared to the methods presented in Section 3.4 and Section
3.5. The accuracy and RMSE are shown in Figures 11, 12,
respectively.

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
performsworse in the drowsy state than themodel 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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Cognitive impairment in 
post-acute sequelae of COVID-19 
and short duration myalgic 
encephalomyelitis patients is 
mediated by orthostatic 
hemodynamic changes
Heather Day 1, Brayden Yellman 2, Sarah Hammer 2, 
Candace Rond 2, Jennifer Bell 2, Saeed Abbaszadeh 2, 
Greg Stoddard 1, Derya Unutmaz 3, Lucinda Bateman 2 and 
Suzanne D. Vernon 2*
1 School of Medicine, The University of Utah, Salt Lake City, UT, United States, 2 Bateman Horne Center, 
Salt Lake City, UT, United States, 3 Jackson Laboratory for Genomic Medicine, School of Medicine, 
University of Connecticut, Farmington, CT, United States

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 
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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 

1 https://covid19.who.int/

2 https://www.cdc.gov/nchs/pressroom/nchs_press_

releases/2022/20220622.htm

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 

34

https://doi.org/10.3389/fnins.2023.1203514
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://covid19.who.int/
https://www.cdc.gov/nchs/pressroom/nchs_press_releases/2022/20220622.htm
https://www.cdc.gov/nchs/pressroom/nchs_press_releases/2022/20220622.htm


Day et al. 10.3389/fnins.2023.1203514

Frontiers in Neuroscience 03 frontiersin.org

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 
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TABLE 1 Cohort characteristics.

PASC
ME/CFS

Healthy
p value<4  years >10  years

N = 34 N = 71 N = 69 N = 82

Age, years (±SD) 43 (±10.1) 39 (±13.2) 46 (±12.4) 40.0 (±13.3) 0.009

Sex 0.115

  Female 29 (85%) 52 (73%) 50 (72%) 52 (63%)

  Male 5 (15%) 19 (27%) 19 (28%) 30 (37%)

BMI 27.8 (±5.7) 25 (±5.4) 27.4 (±5.4) 26.3 (±5.3) 0.04

Ethnicity 0.1092

  Hispanic 2 (6%) 4 (6%) 0 (0%) 1 (1%)

  Non-Hispanic 32 (94%) 65 (92%) 64 (93%) 78 (95%)

  Unknown 0 (0%) 1 (1%) 0 (0%) 0 (0%)

  Not reported 0 (0%) 1 (1%) 5 (7%) 3 (4%)

Race 0.339

  White 33 (97%) 69 (97%) 66 (96%) 77 (94%)

  Other 1 (3%) 0 (0%) 3 (4%) 2 (2%)

  Not reported 0 (0%) 2 (3%) 0 (0%) 3 (4%)

Disease duration

  <1 year 28 (82%) 8 (11%) 0 (0%) –

  <2 years 6 (18%) 21 (30%) 0 (0%) –

  2–3 years 0 (0%) 25 (35%) 0 (0%) –

  3–4 years 0 (0%) 17 (24%) 0 (0%) –

  >10 years 0 (0%) 0 (0%) 69 (100%) –

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.

Twenty-six (10.2%) participants were unable to finish the NLT 
and 11 (4.3%) participants were unable to take the DANA Brain Vital 
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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%)).

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).

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.

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).

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).

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 

TABLE 2 Number of participants that dropped out at a specific time 
during the NLT.

Minute 
of NLT

Number of participants that 
dropped out Reason for 

dropping out
PASC

<4 ME/
CFS

>10 ME/
CFS

HC

1 min 0 0 0 0

2 min 0 1 0 0 Fainted

3 min 0 0 0 3 Light headache, 

lightheaded, fainted

4 min 0 0 0 0

5 min 0 0 0 2 Dizziness, fainted

6 min 0 0 0 2 Dizziness, fainted

7 min 2 2 0 0 Dizziness, fainted

8 min 1 2 4 0 Nausea, lightheaded, 

feeling faint

9 min 0 1 3 0 Fainted

10 min 0 1 2 0 Feeling shaky, 

lightheaded

Total 3 7 9 7

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.
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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.

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 
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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 

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.
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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).
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>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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Diaphragmatic breathing
exercises in recovery from
fatigue-induced changes in spinal
mobility and postural stability: a
study protocol
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Prolonged periods of sitting at work can increase trunk muscle fatigue from the
continuous contraction of deep trunkmuscles. Insufficient activity of thesemuscles
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 respiratorymuscle 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].
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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
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(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

FIGURE 1
Flow-diagram of the study protocol.
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Iranian Registry of Clinical Trials (registration reference:
IRCT20221126056606N1).

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
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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 slowmotion 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).
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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
Themodified 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
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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 associatedwith 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
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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 byHamasaki (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 
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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 
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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 
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FIGURE 1

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

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.

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 
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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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Toruń, Poland

REVIEWED BY

Mirko Manchia,
University of Cagliari, Italy
Grażyna Bączyk,
Poznan University of Medical Sciences, Poland

*CORRESPONDENCE

Chang-Gue Son
ckson@dju.ac.kr

†These authors have contributed equally to this
work

RECEIVED 24 March 2023
ACCEPTED 13 July 2023
PUBLISHED 28 July 2023

CITATION

Yoon J-H, Park N-H, Kang Y-E, Ahn Y-C,
Lee E-J and Son C-G (2023) The demographic
features of fatigue in the general population
worldwide: a systematic review and
meta-analysis. Front. Public Health 11:1192121.
doi: 10.3389/fpubh.2023.1192121

COPYRIGHT

© 2023 Yoon, Park, Kang, Ahn, Lee and Son.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

The demographic features of
fatigue in the general population
worldwide: a systematic review
and meta-analysis

Ji-Hae Yoon1†, Na-Hyun Park1†, Ye-Eun Kang1†, Yo-Chan Ahn2,

Eun-Jung Lee3 and Chang-Gue Son1,4*

1Research Center for CFS/ME, Daejeon Oriental Hospital of Daejeon University, Daejeon, Republic of
Korea, 2Department of Health Service Management, Daejeon University, Daejeon, Republic of Korea,
3Department of Korean Rehabilitation Medicine, College of Korean Medicine, Daejeon University,
Daejeon, Republic of Korea, 4Institute of Bioscience and Integrative Medicine, Daejeon University,
Daejeon, Republic of Korea

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) a�ected 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, whichwill 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
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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

Abbreviations: CI, confidence intervals; OR, odds ratio; CFS, chronic fatigue

syndrome; CFQ, Chalder Fatigue Questionnaire; CIS(a), Checklist Individual

Strength; FSS, Fatigue Severity Scale; CIS(b), Clinical Interview Schedule.

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.

Frontiers in PublicHealth 02 frontiersin.org61

https://doi.org/10.3389/fpubh.2023.1192121
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yoon et al. 10.3389/fpubh.2023.1192121

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).

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).

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).
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FIGURE 1

Flow diagram.

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 themedical 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% tomixed 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].
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TABLE 1 Characteristics of the included studies.

Group Adults
(≥18 years)

Minors
(<18 years)

Specific
occupation

Total

Total n. of included studies 55 8 28 91

Cross-sectional/longitudinal 52/3 6/2 28/0 86/5

Total n. of prevalence data 71 15 29 115

Total n. 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) (5,423± 10,992)

Data with gender information 34 6 11 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)

Typea 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-likeb 9 (84,530) 2 (9,428) 2 (2,445) 13 (96,403)

Severityc 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 toold 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)

Continente 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)

aGeneral fatigue represents fatigue lasting less than 6 months or fatigue of unspecified duration.
bIncluding chronic fatigue syndrome (CFS) or CFS-like data that were presented simultaneously with chronic fatigue.
cStudies that measured the severity of fatigue as moderate and severe were included.
dCFQ, 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, CFS Screening Questionnaire, CFS 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, Iowa 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-IV, Visual Analog Scale.
eOthers: Oceania, Africa and Mixed.

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).
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TABLE 2 Fatigue prevalence by type and medical cause.

Group General Chronic CFS/CFS-like Total

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) Specific Occupation Total

Participants n. (data n.) 180,938 (9) 17,172 (2) 2,445 (2) 200,555 (13)

(mean± SD) 20,104± 22,592 8,586± 0 1,223± 356 15,427± 19,953

Unexplained fatigue 7.6 [4.2–13.7] 0.5 [0.4–0.7] 2.0 [0.3–13.4] 4.1 [2.0–8.5]

Explained fatiguea 2.3 [0.6–8.6] 0.1 [0.0–0.9] 2.4 [0.2–31.4] 1.5 [0.5–4.6]

Physical causeb 40.0 [28.6–56.0] (3) N/A 46.2 [20.7–100.0] (1) 40.6 [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 28.4 [11.0–73.5] (4) 16.3 [3.4–78.3] (2) 62.9 [52.8–74.8] (1) 28.1 [14.3–55.3] (7)

Drug-induced 1.0 [0.5–2.1] (1) N/A N/A 1.0 [0.5–2.1] (1)

aPrevalence 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.
bProportion (%) 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.

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-e�ects meta-analysis model. Each dot represents the value of each study included in this analysis.

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]
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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-e�ects meta-analysis model. Each white (or
gray) dot represents the value of each study included in this analysis.

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
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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.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

J-HY, N-HP, and Y-EK had full access to all the data in the

study and take responsibility for the integrity of the data and the

accuracy of the data analysis. Y-CA conducted statistical analysis.

J-HY and C-GS designed the study and drafted the manuscript.

C-GS obtained the funding and supervised the whole process of this

study. All authors have read and approved the final manuscript.

Funding

This research was supported by the National Research

Foundation of Korea (NRF) funded by the Ministry of Science, ICT

& Future Planning (NRF-2018R1A6A1A03025221).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

Frontiers in PublicHealth 08 frontiersin.org67

https://doi.org/10.3389/fpubh.2023.1192121
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yoon et al. 10.3389/fpubh.2023.1192121

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.

1192121/full#supplementary-material

References

1. Landmark-Høyvik H, Reinertsen KV, Loge JH, Kristensen VN, Dumeaux V,
Fosså SD, et al. The genetics and epigenetics of fatigue. PM&R. (2010) 2:456–
65. doi: 10.1016/j.pmrj.2010.04.003

2. Rosenthal TC, Majeroni BA, Pretorious R, Malik K. Fatigue: an overview.Am Fam
Physician. (2008) 78:1173–9.

3. Jelsness-Jørgensen LP, Bernklev T, Henriksen M, Torp R, Moum
B. Chronic fatigue is associated with impaired health-related quality
of life in inflammatory bowel disease. Aliment Pharmacol Ther. (2011)
33:106–14. doi: 10.1111/j.1365-2036.2010.04498.x

4. Reynolds KJ, Vernon SD, Bouchery E, Reeves WC. The economic
impact of chronic fatigue syndrome. Cost Eff Resour Alloc. (2004)
2:1–9. doi: 10.1186/1478-7547-2-4

5. Brenna E, Gitto L. The economic burden of chronic fatigue syndrome/myalgic
encephalomyelitis (CFS/ME): an initial summary of the existing evidence and
recommendations for further research. Eur J Pers Cent Healthc. (2017) 5:413–
20. doi: 10.5750/ejpch.v5i3.1379

6. Lin J-MS, Resch SC, Brimmer DJ, Johnson A, Kennedy S, Burstein N,
et al. The economic impact of chronic fatigue syndrome in Georgia: direct
and indirect costs. Cost Eff Resour Alloc. (2011) 9:1–12. doi: 10.1186/1478-7
547-9-1

7. McCrone P, Darbishire L, Ridsdale L, Seed P. The economic cost of chronic
fatigue and chronic fatigue syndrome in UK primary care. Psychol Med. (2003)
33:253–61. doi: 10.1017/S0033291702006980

8. Nicholson K, Stewart M, Thind A. Examining the symptom of fatigue in primary
care: a comparative study using electronic medical records. BMJ Health Care Inform.
(2015) 22:235–43. doi: 10.14236/jhi.v22i1.91

9. Dittner AJ, Wessely SC, Brown RG. The assessment of fatigue: a
practical guide for clinicians and researchers. J Psychosom Res. (2004)
56:157–70. doi: 10.1016/S0022-3999(03)00371-4

10. Al Maqbali M, Al Sinani M, Al Naamani Z, Al Badi K. Prevalence of fatigue in
patients with cancer: a systematic review and meta-analysis. J Pain Symptom Manage.
(2021) 61:167–89.e14. doi: 10.1016/j.jpainsymman.2020.07.037

11. Koch H, van Bokhoven MA, Riet Gt, van der Weijden T, Dinant GJ, Bindels
PJ. Demographic characteristics and quality of life of patients with unexplained
complaints: a descriptive study in general practice. Qual Life Res. (2007) 16:1483–
9. doi: 10.1007/s11136-007-9252-y

12. Ingebrigtsen SG, Scheel BI, Hart B, Thorsen T, Holtedahl K. Frequency of
‘warning signs of cancer’ in norwegian general practice, with prospective recording of
subsequent cancer. Fam Pract. (2013) 30:153–60. doi: 10.1093/fampra/cms065

13. Nijrolder I, Van der Windt D, De Vries H, Van der Horst H. Diagnoses
during follow-up of patients presenting with fatigue in primary care. CMAJ. (2009)
181:683–7. doi: 10.1503/cmaj.090647

14. Knoop V, Cloots B, Costenoble A, Debain A, Azzopardi RV, Vermeiren S, et al.
Fatigue and the prediction of negative health outcomes: a systematic review with
meta-analysis. Ageing Res Rev. (2021) 67:101261. doi: 10.1016/j.arr.2021.101261

15. van’t Leven M, Zielhuis GA, van der Meer JW, Verbeek AL, Bleijenberg G.
Fatigue and chronic fatigue syndrome-like complaints in the general population. Eur J
Public Health. (2010) 20:251–7. doi: 10.1093/eurpub/ckp113

16. Moreh E, Jacobs JM, Stessman J. Fatigue, function, and mortality in older adults.
J Gerontol A Biomed Sci Med Sci. (2010) 65:887–95. doi: 10.1093/gerona/glq064

17. Galland-Decker C, Marques-Vidal P, Vollenweider P. Prevalence
and factors associated with fatigue in the lausanne middle-aged
population: a population-based, cross-sectional survey. BMJ Open. (2019)
9:e027070. doi: 10.1136/bmjopen-2018-027070

18. Engberg I, Segerstedt J, Waller G,Wennberg P, EliassonM. Fatigue in the general
population-associations to age, sex, socioeconomic status, physical activity, sitting time
and self-rated health: the Northern Sweden Monica Study 2014. BMC Public Health.
(2017) 17:1–9. doi: 10.1186/s12889-017-4623-y

19. Skapinakis P, Lewis G, Mavreas V. Cross-cultural differences in the epidemiology
of unexplained fatigue syndromes in primary care. Br J Psychiatry. (2003) 182:205–
9. doi: 10.1192/bjp.182.3.205

20. Dinos S, Khoshaba B, Ashby D, White PD, Nazroo J, Wessely S, et al. A
systematic review of chronic fatigue, its syndromes and ethnicity: prevalence, severity,
co-morbidity and coping. Int J Epidemiol. (2009) 38:1554–70. doi: 10.1093/ije/dyp147

21. Stocchi F, Abbruzzese G, Ceravolo R, Cortelli P, D’AmelioM, De Pandis MF, et al.
Prevalence of fatigue in Parkinson disease and its clinical correlates. Neurology. (2014)
83:215–20. doi: 10.1212/WNL.0000000000000587

22. Nagaraj K, Taly AB, Gupta A, Prasad C, Christopher R. Prevalence of fatigue in
patients with multiple sclerosis and its effect on the quality of life. J Neurosci Rural
Pract. (2013) 4:278–82. doi: 10.4103/0976-3147.118774

23. Singer S, Kuhnt S, Zwerenz R, Eckert K, Hofmeister D, Dietz A, et al. Age- and
sex-standardised prevalence rates of fatigue in a large hospital-based sample of cancer
patients. Br J Cancer. (2011) 105:445–51. doi: 10.1038/bjc.2011.251

24. Rusu C, Gee ME, Lagace C, Parlor M. Chronic fatigue syndrome and
fibromyalgia in canada: prevalence and associations with six health status indicators.
Health Promot Chronic Dis Prev Can. (2015) 35:3–11. doi: 10.24095/hpcdp.35.1.02

25. Bhui KS, Dinos S, Ashby D, Nazroo J, Wessely S, White PD. Chronic fatigue
syndrome in an ethnically diverse population: the influence of psychosocial adversity
and physical inactivity. BMCMed. (2011) 9:26. doi: 10.1186/1741-7015-9-26

26. Hamaguchi M, Kawahito Y, Takeda N, Kato T, Kojima T.
Characteristics of chronic fatigue syndrome in a japanese community
population: chronic fatigue syndrome in Japan. Clin Rheumatol. (2011)
30:895–906. doi: 10.1007/s10067-011-1702-9

27. Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The
Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised Studies in
Meta-Analyses. Oxford (2000).

28. Herzog R, Álvarez-Pasquin M, Díaz C, Del Barrio JL, Estrada JM, Gil
Á. Are healthcare workers’ intentions to vaccinate related to their knowledge,
beliefs and attitudes? A systematic review. BMC Public Health. (2013) 13:1–
17. doi: 10.1186/1471-2458-13-154

29. Luntamo T, Sourander A, Santalahti P, Aromaa M, Helenius H. Prevalence
changes of pain, sleep problems and fatigue among 8-year-old children: years 1989,
1999, and 2005. J Pediatr Psychol. (2012) 37:307–18. doi: 10.1093/jpepsy/jsr091

30. David A, Pelosi A, McDonald E, Stephens D, Ledger D, Rathbone R, et al.
Tired, weak, or in need of rest: fatigue among general practice attenders. BMJ. (1990)
301:1199–202. doi: 10.1136/bmj.301.6762.1199

31. Ament W, Verkerke GJ. Exercise and fatigue. Sports Med. (2009) 39:389–
422. doi: 10.2165/00007256-200939050-00005

32. Boullosa DA, Nakamura FY. The Evolutionary Significance of Fatigue. Lausanne:
Frontiers Media SA (2013), p. 309. doi: 10.3389/fphys.2013.00309

33. Yoo EH, Choi ES, Cho SH, Do JH, Lee SJ, Kim J-H. Comparison of fatigue
severity and quality of life between unexplained fatigue patients and explained fatigue
patients. Korean J Fam Med. (2018) 39:180. doi: 10.4082/kjfm.2018.39.3.180

34. Jason LA, Jordan KM, Richman JA, Rademaker AW, Huang C-F, Mccready W,
et al. A community-based study of prolonged fatigue and chronic fatigue. J Health
Psychol. (1999) 4:9–26. doi: 10.1177/135910539900400103

35. Wang XS, Zhao F, Fisch MJ, O’Mara AM, Cella D, Mendoza TR, et al. Prevalence
and characteristics of moderate to severe fatigue: a multicenter study in cancer patients
and survivors. Cancer. (2014) 120:425–32. doi: 10.1002/cncr.28434

36. Efficace F, Baccarani M, Breccia M, Cottone F, Alimena G, Deliliers G, et al.
Chronic fatigue is the most important factor limiting health-related quality of life of
chronic myeloid leukemia patients treated with imatinib. Leukemia. (2013) 27:1511–
9. doi: 10.1038/leu.2013.51

37. Chou K-L. Chronic fatigue and affective disorders in older adults: evidence
from the 2007 British National Psychiatric Morbidity Survey. J Affect Disord. (2013)
145:331–5. doi: 10.1016/j.jad.2012.08.012

Frontiers in PublicHealth 09 frontiersin.org68

https://doi.org/10.3389/fpubh.2023.1192121
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1192121/full#supplementary-material
https://doi.org/10.1016/j.pmrj.2010.04.003
https://doi.org/10.1111/j.1365-2036.2010.04498.x
https://doi.org/10.1186/1478-7547-2-4
https://doi.org/10.5750/ejpch.v5i3.1379
https://doi.org/10.1186/1478-7547-9-1
https://doi.org/10.1017/S0033291702006980
https://doi.org/10.14236/jhi.v22i1.91
https://doi.org/10.1016/S0022-3999(03)00371-4
https://doi.org/10.1016/j.jpainsymman.2020.07.037
https://doi.org/10.1007/s11136-007-9252-y
https://doi.org/10.1093/fampra/cms065
https://doi.org/10.1503/cmaj.090647
https://doi.org/10.1016/j.arr.2021.101261
https://doi.org/10.1093/eurpub/ckp113
https://doi.org/10.1093/gerona/glq064
https://doi.org/10.1136/bmjopen-2018-027070
https://doi.org/10.1186/s12889-017-4623-y
https://doi.org/10.1192/bjp.182.3.205
https://doi.org/10.1093/ije/dyp147
https://doi.org/10.1212/WNL.0000000000000587
https://doi.org/10.4103/0976-3147.118774
https://doi.org/10.1038/bjc.2011.251
https://doi.org/10.24095/hpcdp.35.1.02
https://doi.org/10.1186/1741-7015-9-26
https://doi.org/10.1007/s10067-011-1702-9
https://doi.org/10.1186/1471-2458-13-154
https://doi.org/10.1093/jpepsy/jsr091
https://doi.org/10.1136/bmj.301.6762.1199
https://doi.org/10.2165/00007256-200939050-00005
https://doi.org/10.3389/fphys.2013.00309
https://doi.org/10.4082/kjfm.2018.39.3.180
https://doi.org/10.1177/135910539900400103
https://doi.org/10.1002/cncr.28434
https://doi.org/10.1038/leu.2013.51
https://doi.org/10.1016/j.jad.2012.08.012
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yoon et al. 10.3389/fpubh.2023.1192121

38. Goërtz YM, Braamse AM, Spruit MA, Janssen DJ, Ebadi Z, Van Herck M, et al.
Fatigue in patients with chronic disease: results from the population-based lifelines
cohort study. Sci Rep. (2021) 11:1–12. doi: 10.1038/s41598-021-00337-z

39. Penner I-K, Paul F. Fatigue as a symptom or comorbidity of neurological
diseases. Nat Rev Neurol. (2017) 13:662–75. doi: 10.1038/nrneurol.2017.117

40. Pendergrast T, Brown A, Sunnquist M, Jantke R, Newton JL, Strand
EB, et al. Housebound versus nonhousebound patients with myalgic
encephalomyelitis and chronic fatigue syndrome. Chronic Illn. (2016)
12:292–307. doi: 10.1177/1742395316644770

41. Roberts E, Wessely S, Chalder T, Chang C-K, Hotopf M. Mortality of people
with chronic fatigue syndrome: a retrospective cohort study in england and wales
from the South London and Maudsley NHS Foundation Trust Biomedical Research
Centre (SLAMBRC) Clinical Record Interactive Search (CRIS) Register. Lancet. (2016)
387:1638–43. doi: 10.1016/S0140-6736(15)01223-4

42. Jason LA, Sunnquist M, Brown A, Evans M, Vernon SD, Furst JD, et al.
Examining case definition criteria for chronic fatigue syndrome and myalgic
encephalomyelitis. Fatigue. (2014) 2:40–56. doi: 10.1080/21641846.2013.862993

43. Lim E-J, Ahn Y-C, Jang E-S, Lee S-W, Lee S-H, Son C-G.
Systematic review and meta-analysis of the prevalence of chronic fatigue
syndrome/myalgic encephalomyelitis (CFS/ME). J Transl Med. (2020)
18:1–15. doi: 10.1186/s12967-020-02269-0

44. Huibers MJ, Kant IJ, Knottnerus JA, Bleijenberg G, Swaen GM, Kasl SV.
Development of the chronic fatigue syndrome in severely fatigued employees:
predictors of outcome in the maastricht cohort study. J Epidemiol Community Health.
(2004) 58:877–82. doi: 10.1136/jech.2003.017939

45. Reyes-Gibby CC, Aday LA, Anderson KO, Mendoza TR, Cleeland
CS. Pain, depression, and fatigue in community-dwelling adults with
and without a history of cancer. J Pain Symptom Manage. (2006)
32:118–28. doi: 10.1016/j.jpainsymman.2006.01.008

46. Manning K, Kauffman BY, Rogers AH, Garey L, Zvolensky MJ.
Fatigue severity and fatigue sensitivity: relations to anxiety, depression, pain
catastrophizing, and pain severity among adults with severe fatigue and chronic
low back pain. Behav Med. (2022) 48:181–9. doi: 10.1080/08964289.2020.
1796572

47. ter Wolbeek M, van Doornen LJ, Kavelaars A, Heijnen CJ. Predictors of
persistent and new-onset fatigue in adolescent girls. Pediatrics. (2008) 121:e449–
57. doi: 10.1542/peds.2007-1093

48. Schwarz R, Krauss O, Hinz A. Fatigue in the general population.Oncol Res Treat.
(2003) 26:140–4. doi: 10.1159/000069834

49. Tang F-C, Li R-H, Huang S-L. The Association between job-related psychosocial
factors and prolonged fatigue among industrial employees in Taiwan. PLoS ONE.
(2016) 11:e0150429. doi: 10.1371/journal.pone.0150429

50. Lasselin J, Lekander M, Axelsson J, Karshikoff B. Sex Differences in
how inflammation affects behavior: what we can learn from experimental
inflammatory models in humans. Front Neuroendocrinol. (2018) 50:91–
106. doi: 10.1016/j.yfrne.2018.06.005

51. Patel V, Kirkwood BR,Weiss H, Pednekar S, Fernandes J, Pereira B, et al. Chronic
fatigue in developing countries: population based survey of women in India. BMJ.
(2005) 330:1190. doi: 10.1136/bmj.38442.636181.E0

52. Smith-Miller CA, Shaw-Kokot J, Curro B, Jones CB. An integrative review. J Nurs
Adm. (2014) 44:487–94. doi: 10.1097/NNA.0000000000000104

53. Bültmann U, Kant IJ, Van Den Brandt PA, Kasl SV. Psychosocial work
characteristics as risk factors for the onset of fatigue and psychological distress:
prospective results from the maastricht cohort study. Psychol Med. (2002) 32:333–
45. doi: 10.1017/S0033291701005098

54. Swaen G, Van Amelsvoort L, Bültmann U, Kant I. Fatigue as a risk factor for
being injured in an occupational accident: results from the maastricht cohort study.
Occup Environ Med. (2003) 60:i88–92. doi: 10.1136/oem.60.suppl_1.i88

55. Ball HA, Siribaddana SH, Sumathipala A, Kovas Y, Glozier N,
Rijsdijk F, et al. Genetic and environmental contributions to the overlap
between psychological, fatigue and somatic symptoms: a twin study in
Sri Lanka. Twin Res Hum Genet. (2011) 14:53–63. doi: 10.1375/twin.
14.1.53

56. Andrea H, Kant I, Beurskens A, Metsemakers J, Van Schayck C. Associations
between fatigue attributions and fatigue, health, and psychosocial work characteristics:
a study among employees visiting a physician with fatigue. Occup Environ Med. (2003)
60:i99–104. doi: 10.1136/oem.60.suppl_1.i99

Frontiers in PublicHealth 10 frontiersin.org69

https://doi.org/10.3389/fpubh.2023.1192121
https://doi.org/10.1038/s41598-021-00337-z
https://doi.org/10.1038/nrneurol.2017.117
https://doi.org/10.1177/1742395316644770
https://doi.org/10.1016/S0140-6736(15)01223-4
https://doi.org/10.1080/21641846.2013.862993
https://doi.org/10.1186/s12967-020-02269-0
https://doi.org/10.1136/jech.2003.017939
https://doi.org/10.1016/j.jpainsymman.2006.01.008
https://doi.org/10.1080/08964289.2020.1796572
https://doi.org/10.1542/peds.2007-1093
https://doi.org/10.1159/000069834
https://doi.org/10.1371/journal.pone.0150429
https://doi.org/10.1016/j.yfrne.2018.06.005
https://doi.org/10.1136/bmj.38442.636181.E0
https://doi.org/10.1097/NNA.0000000000000104
https://doi.org/10.1017/S0033291701005098
https://doi.org/10.1136/oem.60.suppl_1.i88
https://doi.org/10.1375/twin.14.1.53
https://doi.org/10.1136/oem.60.suppl_1.i99
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Frontiers in Psychology 01 frontiersin.org

Public stigma toward fatigue—do 
social characteristics of affected 
persons matter? Results from the 
SOMA.SOC study
Olaf von dem Knesebeck * and Rieke Barbek 

Institute of Medical Sociology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

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 
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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 
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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.

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 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 

TABLE 1 Eight variations of the fatigue vignette presented in the survey.

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

TABLE 2 Sample description.

n %

Gender

Female 634 52.7

Male 570 47.3

Age groups (in years)

18–24 114 9.4

25–39 272 22.5

40–59 379 31.3

60–64 118 9.7

≥65 326 27.0

Education (in years)

≤9 351 30.8

10 374 32.8

≥12 415 36.4

Household income (per month, net, in euro)

<1,500 243 24.9

1,500 – <2,500 289 29.7

2,500 – <3,500 170 17.5

≥3,500 271 27.9

Migration status

Non-migrant 945 78.4

Migrant foreign born 127 10.5

Migrant born in Germany 134 11.1
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person is hypersensitive in case of a lawyer, while more respondents 
reacted angrily when the depicted person was a cleaner.

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.

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 

FIGURE 1

Distribution of the public stigma indicators (n  =  1,209).

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

Stereotypes Female 
(n  =  609)

Male 
(n  =  600)

pb Migrant 
(n  =  597)

Non-migrant 
(n  =  612)

pb Cleaner 
(n  =  591)

Lawyer 
(n  =  618)

pb

Weak willa 25.6 28.9 0.214 23.2 31.0 0.003 28.9 25.5 0.201

Not a real diseasea 15.1 13.6 0.448 15.8 13.2 0.204 13.4 15.3 0.361

Hypersensitivea 31.9 39.6 0.006 35.4 35.9 0.865 32.8 38.6 0.040

Emotional reactions

Angrilya 15.4 13.9 0.461 13.4 15.9 0.224 17.6 11.8 0.004

Annoyeda 20.9 12.2 <0.001 15.9 17.4 0.461 16.5 16.7 0.916

Incomprehensiona 16.2 22.9 0.004 19.7 19.4 0.878 17.5 21.5 0.083

Anger scale (0–9), mean 

(standard deviation)

2.16 (2.01) 2.14 (1.92) 0.922 2.02 (2.04) 2.28 (1.89) 0.027 2.14 (2.02) 2.16 (1.91) 0.841

a% of agreement.
bSignificance of Chi2 tests/analyses of variance (anger scale). 
Significant differences (p < 0.05) are bold.
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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 

TABLE 4 Stigma toward an individual with fatigue depending on the combination of the social characteristics in the eight vignettes.

Stereotypes Female, 
migrant, 
cleaner 
(n  =  146)

Female, 
migrant, 
lawyer 

(n  =  156)

Female, 
non-

migrant, 
cleaner 
(n  =  151)

Female, 
non-

migrant, 
lawyer 

(n  =  156)

Male, 
migrant, 
cleaner 
(n  =  142)

Male, 
migrant, 
lawyer 

(n  =  154)

Male, 
non-

migrant, 
cleaner 
(n  =  152)

Male, 
non-

migrant, 
lawyer 

(n  =  153)

pb

Weak willa 14.3 20.8 32.6 33.8 35.1 23.2 34.0 23.8 <0.001

Not a real diseasea 6.3 20.7 16.8 17.1 25.0 12.0 7.4 11.9 <0.001

Hypersensitivea 25.5 31.3 28.9 41.2 42.0 43.2 35.8 37.7 0.007

Emotional reactions

Angrilya 19.9 12.3 14.7 15.5 14.3 8.0 21.5 11.9 0.028

Annoyeda 14.5 20.9 17.9 29.6 18.6 9.2 15.0 7.2 <0.001

Incomprehensiona 15.9 13.8 10.6 24.5 27.6 22.2 16.6 25.8 <0.001

Anger scale (0–9), 

mean (standard 

deviation)

1.92 (2.07) 2.06 (2.12) 2.04 (1.86) 2.61 (1.93) 2.22 (2.11) 1.90 (1.84) 2.38 (2.05) 2.09 (1.66) 0.030

a% of agreement.
bSignificance of Chi2 tests/analyses of variance (anger scale).
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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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Appendix

Vignettes (two examples).
Ten years ago, 37-year-old Gülsen E. came to Germany from Turkey and she works as a cleaner. 1She 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.

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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Fatigue is one of the most disabling symptoms of Multiple Sclerosis (MS), a�ecting
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 e�ective and cost-e�cient 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.

KEYWORDS

multiple sclerosis, fatigue, digital health, virtual reality, digital biomarkers, wearable

devices, disease management, apps

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
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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

Abbreviations: ADL, activities of daily living; CNS, Central Nervous System;

CSF, Cerebro-spinal fluid; CSTCL, Cortico-Striato-Thalamo-Cortical Loop;

DLPFC, Dorsolateral Prefrontal Cortex; EDSS, Expanded Disability Status

Scale; HCP, Healthcare Professional; MFIS, Modified Fatigue Impact Scale;

MRI, Magnetic Resonance Imaging; MS, Multiple Sclerosis; MSQOL-54,

Multiple Sclerosis Quality of Life; NfL, Neurofilament Light Chain; NIBS,

Non-Invasive Brain Stimulation; PROs, Patient-Reported Outcomes; QoL,

Quality of Life; RRMS, Relapsing-Remitting Multiple Sclerosis; SDMT, Symbol

Digit Modality Test; tDCS, transcranial Direct Current Stimulation; VR, Virtual

Reality; WM, White Matter.

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 andmeasurable 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, andmemory) has to be differentiated frommotor

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) andmicrostructural (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).

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
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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.

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
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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 themotivation 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 inMS 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,

PROmeasures 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.

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
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TABLE 1 Fatigue scales mostly in use.

Name Author Date Content Scoring References

Fatigue Severity

Scale (FSS)

Krupp et al. 1983 9 items: motivation, exercise,

physical functioning, difficulty

in carrying out tasks, work

and private life impairment

7-points likert scale

1= strongly disagree

7= strongly agree

Range: 9–63

Krupp, 1983a,b; Krupp et al.,

1988; Schwartz et al., 1993

Modified Fatigue

Impact Scale

(MFIS)∗

Fisk et al. 1994 21 items: physical (0–36),

cognitive (0–40), psychosocial

(0–8) subscale

5-points likert scale

0= never

4= almost always

Range: 0–84

Fisk et al., 1994a,b

Fatigue Scale For

Motor and

Cognitive

Functions (FSMC)∗

Penner et al. 2005 20 items: motor (0-50) and

cognitive (0-50) subscale

5-points likert scale:

1= does not apply

5= applies completely

Range: 20-100

Penner et al., 2005, 2009

Neurological

Fatigue Index

(NFI-MS)∗

Mills et al. 2010 23 items: physical subscale (8

items), cognitive subscale (4

items), diurnal sleep subscale

(6 items), abnormal nocturnal

sleep subscale (5 items)

4-point likert scale:

0= strongly disagree

3= strongly agree

Range: 0–69

Another 10 points can be

given in the summary section

(range: 0–30)

Mills et al., 2010

Fatigue Assessment

Inventory (FAI)∗
Schwartz et al. 1993 29 items: severity of fatigue,

impact on physical activity

and daily life, interaction with

rest, mood

7-points likert scale:

1= disagree

7= agree

Range: 29–203

Schwartz et al., 1993

Fatigue Descriptive

Scale (FDS)∗
Iriarte et al. 1999 5 items: initiative (patient

explains perception of

fatigue), modality of onset,

gravity, frequency, Unthoff’s

phenomenon

3-point likert scale

Range: 0–17

Iriarte et al., 1999

Rochester Fatigue

Diary (RFD)∗
Schwid et al. 2002 Visual scale, fatigue level 100mm visual analog scale,

patient should mark his/her

fatigue level every hour for 1

day

0=maximal fatigue

100= no fatigue

Schwid et al., 1987, 1999, 2002

PROMIS-Fatigue

(MS)∗
Cook et al. 2012 8 items: capacity to think

clearly, enjoy life, tiredness,

interference with social

activities

5-points likert scale

1= never

5= always

Range: 8–40

Cook et al., 2012; UWCORR,

2020

Multidimensional

Fatigue Inventory

(MFI)∗

Smets et al. 1995 20 items: general, physical,

cognitive, reduced

motivation, reduced activity

subscales

5-points likert scale

1= true

5= not true

Range: 20–100

Smets et al., 1995

Fatigue Assessment

Scale (FAS)∗
Michielsen et al. 2003 10 items: fatigue intensity,

onset, limitations,

concentration

5-points likert scale:

1= never

5= always

Range: 10–50

Michielsen et al., 2003

∗RF (Shahid et al., 2012; Gumus, 2018; Rietberg and van Wegen, 2019).

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.
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TABLE 2 Most prescribed drugs against fatigue.

Name Mechanism E�ect Dose∗ Most common
adverse reactions

References

4-Aminoipyridine

(4-AP)

Voltage-gated potassion

channel inhibitor

Improves neurochemical

conduction of demyelinated

axons, increases release of

neurotransmitters

(dopaminergic

effect)

10–40 mg/day Paresthesia, restlessness,

balance disorders, UTI,

insomnia, dizziness,

headache, nausea

Jensen et al., 2014;

Zielińska-Nowak et al.,

2020; Dietrich et al., 2021

Amantadine Antiviral,

immune-mediated,

amphetamine-like

activity

Improves cholinergic and

dopaminergic transmission,

non-specific CNS stimulant

(approved by the FDA for

Influenza and Parkinson’s)

100–200 mg/day Livido reticularis, insomnia,

orthostatic hypotension,

peripheral edema,

headache, insomnia,

dizziness

Krupp, 2003; Pucci et al.,

2007; Braley and

Chervin, 2010;

Zielińska-Nowak et al.,

2020; Cocco and Fadda,

2022; Tarasiuk et al.,

2022

Modafinil Non-amphetamine, CNS

stimulant

Promotes wakefulness,

probable sympathomimetic

activity (used for narcolepsy

or shift-work sleep disorders)

200–400 mg/day Headache, anxiety,

dizziness, nausea,

hypertension, palpitations,

insomnia

Braley and Chervin,

2010; Niepel et al., 2013;

Zielińska-Nowak et al.,

2020; Cocco and Fadda,

2022

Paroxetine and

other

anti-depressants

Inhibition of reuptake of

serotonine/noradrenaline

(SSRI/SNRI)

Antidepressants Depending on

drug in use

Typical side effects of

anti-depressants

Krupp, 2003;

Zielińska-Nowak et al.,

2020; Stamoula et al.,

2021

Methylphenidate Enhancement of

dopaminergic effects,

CNS stimulants

Improves transmission of

dopamine and inhibits its

reuptake (typically prescribed

for ADHD)

5–20 mg/day

(TRIUMPHANT-

MS)

Cardiac, psychiatric,

gastrointestinal disorders

Nourbakhsh et al., 2018;

Cercignani et al., 2021;

Tarasiuk et al., 2022

Acetyl-L-Carnitine

(ALCAR)

Mitochondrial

functionality

and ATP

production

improvement

Increases energy levels based

on biochemical production of

ATP

2 g/day Nausea, agitation, insomnia,

and increased appetite

Krupp, 2003; Pennisi

et al., 2020; Cocco and

Fadda, 2022

Pemoline CNS stimulant Increases attention and

wakefulness (normally used in

ADHD)

18.75 mg/day

(some studies

start from

37.5mg and

decrease

to 18.75)

Irritability, restlessness,

insomnia, liver function test

changes

Krupp, 2003; Braley and

Chervin, 2010; Khan

et al., 2014; Cocco and

Fadda, 2022

∗Most commonly prescribed.

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
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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, wheremedical 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.
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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 undMedizinprodukte, 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).

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-artmethod 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; VanHecke 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
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TABLE 3 Summary of the concepts regarding digitalizing MS fatigue assessment and therapy.

Application Developer Year Requirements Contents Goal Evidence

Elevida (Gold et al.,

2001; ELEVIDA,

2002; Pöttgen et al.,

2018; GAIA AG,

2022)

GAIA AG 2018 Smartphone

Internet connection

90-days

prescription-based

program Fatigue

specific contents

Exercises

introduced by

videos

Interactive journaling

Assessment

Management

Decreased fatigue

levels as measured

by the Chalder

Fatigue Scale and

FSMC, even after 12

and 24 weeks

(follow-up); QoL

increased in the

fatigue section of

the HAQUAMS

(Hamburg Quality

of Life

Questionnaire in

Multiple Sclerosis);

good effect on

ADLs

ElevateMS

(Novartis SB, 2017;

Pratap et al., 2020)

Novartis

Sage Bionetworks

2017 Smartphone

Internet connection

Questionnaires

Symptom tracking

Activity tracking

Customizable

reminders

Clinical-based

exercises (e.g.,

finger-

tappingbalance

tests, SDMT)

Assessment High rate of reports

on fatigue on the

app; data refers to a

population located

across the US

(far-reaching

abilities of the app).

Increased

compliance in MS

patients whose link

with the clinic has

been aided by their

HCPs

BRISA App (Fisk

et al., 1994a; BRISA,

2022; Mountford

et al., 2023)

Temedica GmbH

Roche

2022 Smartphone

Internet connection

Smiley-based

self-assessment and

rating of MS

symptoms

Daily diary

Assessment High correlation

between

smiley-based

reported fatigue and

completion of MFIS

(Modified Fatigue

Impact Scale) in MS

patients,

independently of

age, sex or time

since diagnose

Energize (Babbage

et al., 2019; van

Kessel et al., 2021)

Duncan Babbage

Kirsten van Kessel

Paula Kersten

2019 Smartphone (iOS)

Internet connection

7-module based

course (MS,

Beaviour, Thoughts,

Emotions, Body,

Future and World)

Explanatory videos

Sleep diary

Self-evaluation of

fatigue

Planning section

Quizzes and tests

Assessment

Social rehabilitation

Promising results as

far as the

acceptance by

fatigued MS

patients

(self-management

and learning

content) although

the cognitive effort

to complete the

units was

sometimes high and

itself fatiguing

icompanionMS

(Van Hecke et al.,

2021; Icompanion,

2022)

icometrix 2021 Smartphone

Computer

Internet connection

Self-tracking

Appointment

reminder

Cognition tests

MRI scans upload

function

HCP portal

Assessment

Management

Feasible instrument

to assess and

monitor fatigue

over time (clinically

relevant changes as

referred to the

Neuro-QoL)

icobrainMS (Van

Hecke et al., 2021;

icometrix, 2023)

Icometrix 2021 Computer

Internet connection

Ai software for

magnetic resonance

analysis

Assessment (not

MS specific)

Feasibility of the

AI-based MRI

reading, high rate of

lesion-detection

and MS subtypes

differentiation

(Continued)
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TABLE 3 (Continued)

Application Developer Year Requirements Contents Goal Evidence

Floodlight (F.

Hoffmann-La

Roche Ltd., 2021;

van der Walt et al.,

2021; Roche

Fachportal, 2023)

Roche 2021 Smartphone

Internet

and connection

Motor and

cognition functions

assessment

Shape-drawing

(SDMT)

Pinching tomatoes

(9 HPT)

2-min walk test

(Timed-25-Foot

Walk Test)

Assessment Correlation

between app-based

and clinically

administered tests

Samsung gear S2

(Krupp, 1983a,

2003; Abbadessa

et al., 2021)

Samsung 2021 Smartphone

Smartwatch

Internet and

Bluetooth connection

Passive and

continuous data

collection about

walking endurance

Assessment Strong influence of

fatigue as measured

through the FSS

(Fatigue Severity

Scale) and the

maximum distance

walked by MS

patients

Fitbit Inspire (Fisk

et al., 1994a;

Chikersal et al.,

2022)

Fitbit Inc. 2021 Smartphone

Smartwatch

Internet connection

Passive steps, heart

rate, sleep tracking

Assessment Digital phenotyping

and passive data

collecting to predict

fatigue; link

between fatigue

(according to MFIS,

Modified Fatigue

Impact Scale) and

depression and

global MS burden

during the

COVID-19

pandemic

GENEactive

accelerometer

(Krupp, 1983a; Guo

et al., 2021;

Activinsights Ltd.,

2023)

Activinsights 2021 Smartphone

Smartwatch

Internet connection

Passive data on

ADLs

Assessment Digital phenotyping

to correlate the

ADLs and MS

symptoms i.e.,

fatigue (previously

assessed with the

FSS and monitored

with a fatigue

diary); positive

correlation between

fatigue and

depression and

poor sleep quality

More Stamina

(Krupp, 1983a;

Cella and Chalder,

2010; Giunti et al.,

2018, 2020;

Stamina, 2022)

University of Oulu 2018 Smartphone

Internet connection

Self-reported

energy estimation

and management

Gamified collection

of points based on

energy spent

and allocated

Assessment

Management

Feasibility,

acceptability, and

usability studies are

ongoing. App-based

completion of FSS

and Chalder Fatigue

Scale and

gamification-aided

fatigue

self-management

Fimo app (Mäcken

et al., 2021; Fimo

Health GmbH,

2022)

Fimo Health 2021 Smartphone

Internet connection

8-week program

Learning contents

Rehabilitation

through yoga

sessions, relaxation

methods, games

and tests for

cognition

Medication and

appointments

reminder

Social rehabilitation

Management Proof of feasibility

still ongoing

(Continued)
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TABLE 3 (Continued)

Application Developer Year Requirements Contents Goal Evidence

Transcranial direct

current stimulation

(tDCS) (Krupp,

1983a; Shahid et al.,

2011; Charvet et al.,

2018; UWCORR,

2020; Bertoli et al.,

2023)

Transcranial

stimulation kit

Specific targeting of

somatosensory and

motor cortex with

low current

stimulation

alleviating fatigue

levels

Therapy Significant

reduction of fatigue

measured through

FSS, VAS (Visual

Analog Scale) and

PROMIS of study

(Patient-Reported

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)

(Al-Sharman et al.,

2019; Maggio et al.,

2019a,b;

Cuesta-Gómez

et al., 2020; Manuli

et al., 2020; Ozkul

et al., 2020; Yazgan

et al., 2020;

Cortés-Pérez et al.,

2021; Leonardi

et al., 2021;

Nascimento et al.,

2021; Pagliari et al.,

2021; Altunkaya

et al., 2022;

Casuso-Holgado

et al., 2022;

Hollywood et al.,

2022; Kalron et al.,

2022; Moeinzadeh

et al., 2022; Dogan

et al., 2023; Hsu

et al., 2023)

Computer and

mouse/controllers

(non-immersive

VR)

Screens, controllers,

sensors

(semi-immersive

VR)

Headsets,

controllers and/or

sensors

(immersive VR)

Neuro-

rehabilitation

through

gamification

(serious gaming or

exergaming)

Relaxation exercises

Cognition training

Motor and balance

training

Memory and motor

memory rehabilitation

Neuro-

rehabilitation

Higher reduction of

fatigue levels as

opposed to

conventional

therapy or

physiotherapy

alone, result even

more significant

when the two are

combined.

Physical excercise

through VR might

increase the

patients’ activity

level and therefore

lower fatigue ones.

Additional increase

in compliance

through

gamification and

interaction. Link

between

improvements in

balance and fatigue

levels through

lower energy outlay.

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
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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 25MS

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, fatiguedMS 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
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limitations due to fatigue (Mäcken et al., 2021; FimoHealth 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 ofmotor

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
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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.

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 ofMS 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.
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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.

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
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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-exertionalmalaise in daily life
and experimental exercise models
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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 PEMmay 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
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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 PEMwas 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
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TABLE 1 Self-reported post-exertional (PEM) symptom in patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).

Authors Purpose of the
study

Case
definition

Study design Patients PEM
descriptions

PEM triggers PEM onset
and
durationCountry

Qualitative interviews

Krabbe et al.
(2022)

What do young
women who are in
recovery from ME/
CFS tell about their
experience of falling
severely ill during
childhood and
adolescence?

Self-reported
diagnosis set by a
physician

Narrative
qualitative
interviews with
overarching open-
ended questions

13 women with ME/
CFS during childhood
or adolescence now in
recovery or recovered

Gradually developing
unhomeliness and
feeling pushed
toward the edge; and
left abandoned on
the sidelinesNorway Age range at time of

interviews
16–30 years

Parslow et al.
(2018)

Describe
adolescents with
ME/CFS’
experiences of
fatigue, symptom
fluctuation

Diagnosis set in
clinics by an
experienced
pediatrist

Qualitative semi-
structured
interviews

21 adolescents with
ME/CFS and their
parents

Fluctuations in
fatigue and other
symptoms create
good and bad days.
Worsening could
appear for no reason
and as a payback
after activity; worded
as “wiped out,”
“absolute crash,”
‘knocked out,”,
“zonked out,” and
“out cold”

UK Age range
12–17 years

Olson et al.
(2015)

Explore the
meaning of fatigue

Fukuda criteria Ethnoscience
interviews with
overarching open-
ended questions

13 women and 1 man Tiredness expresses
prior to illness, in
remission, or “good
days”. Fatigue
describes ME/CFS on
daily basis.
Exhaustion expresses
overexertion

Canada Age range 37–68

Stussman
et al. (2020)

Expand the
understanding of
PEM, its manner of
onset, timeframes
for onset, peak,
duration

Diagnosed by
physicians and
referred to a
cardio-pulmonary
exercise test

Focus group
interviews

43 subjects PEM was described
as “Flu-like”
exhaustion,
Cognitive problems
of thinking clearly,
finding words, and
complete fog

Three broad
categories of
activity: physical
activity, cognitive
effort, and
emotional
moments. The
threshold for
activity depends on
their baseline

After daily
activities: onset
after 12–48 h,
peak 48 h,
duration
2–7 days

USA Had undergone
cardio-pulmonary
exercise test

21% men Neuromuscular
complaints as pain/
aches and weakness

After exercise
test: immediate
onset, peak
24 h,
duration 72 h

Age range
30–69 years

Structured questions with open ended responses

Hartle et al.
(2021)

Examine patients’
responses on PEM
triggers,
experiences,
recovery, and
prevention

Fulfilling at least
one of diagnostic
criteria: Fukuda,
International
Consensus
Criteria, Canadian
Consensus
Clinical Criteria

Online survey of
PEM questionnaire
designed for the
study with 4 items
with open-ended
responses and
2 with predefined
alternatives

75 subjects
sick ≥4 years and
76 sick ≥10 years

Fatigue 21% of the
symptoms (e.g.,
weakness, heavy
limbs, flu-like
symptoms, feeling
ill), pain/
musculoskeletal
symptoms 18%,
orthostatic
intolerance 14%

Most common
exertion induced by
medium levels of
physical (71%) and
cognitive activities,
at any levels these
two factors
accounted for 89%

Onset: Within
minutes 35%

US Age range
18–65 years

Rest used as
strategies for
recovering, and
pacing for prevention

Stress by
those <4 years
sick (19%)

Within
hours 40%

(Continued on following page)
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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).

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

TABLE 1 (Continued) Self-reported post-exertional (PEM) symptom in patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).

Authors Purpose of the
study

Case
definition

Study design Patients PEM
descriptions

PEM triggers PEM onset
and
durationCountry

26% men Within ≥
1 day 25%

Duration: At
least 1 day 31%

Several
days 48%

At least
1 week 13%
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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.

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
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TABLE 2 Responses to exercise in persons with ME/CFS or long Covid compared with controls. Summary of systematic reviews and meta-analyses.

Authors Main purpose and
methodology

No included studies
and no of participants
included in meta-
analysis

Types of exercise included Main results

Country

Barhorst et al.
(2020)

Quantify the perceived exertion (RPE)
response to acute aerobic exercise
involving people with ME/CFS
compared with healthy controls

37 studies Cycle ergometer—continuous increasing
(CPET)- from low to high intensity

Elevated RPE in people with ME/
CFS during exercise

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.
(2016)

Estimate the effect of completing a
single bout of exercise on fatigue states
in people with ME/CFS compared
with health controls

7 studies Cycle ergometer—continuous increasing
(CPET)- from low to high intensity

During exercise fatigue increases
more in people with ME/CFS than
in healthy controls

Systematic review and meta-analysis 159 patients with ME/CFS Treadmill—continuous increasing- from
low to high intensity

The effects were heterogeneous
between studies

Number of healthy controls not
provided

Arm-leg ergometer—continuous
steady—moderate intensity

The largest difference was seen 4 h
or later after exercise

Combined arm-leg ergometer—continuous
steady—moderate intensity

Treadmill—continuous steady—moderate
intensity

Handgrip—repeated—moderate

Barhorst et al.
(2022)

Quantify the effect of a single aerobic
exercise bout on pain symptom
severity in people with ME/CFS
and FM

15 studies Cycle ergometer—continuous increasing
(CPET)- from low to high intensity

People with ME/CFS and FM
experience small to moderate
increases in pain symptom
severity after exercise

Systematic review and meta-analysis 306 patients with ME/CFS Combined arm-leg ergometer—continuous
steady—moderate intensity

292 healthy controls Cycle ergometer—continuous
steady—moderate intensity

Treadmill—continuous steady—moderate
intensity

Arm ergometer—continuous—high
intensity

Nelson et al.
(2019)

To determine whether there were
differences in heart rate parameters
between patients with ME/CFS and
healthy controls

24 studiesa Cycle ergometer—continuous increasing
(CPET)- from low to high intensity

Heart rate parameters during
exercise differed between people
with ME/CFS and healthy
controls, indicating reduced vagal
and increased sympathetic
modulation of heart rateSystematic review and meta-analysis 1,129 patients with ME/CFSa Treadmill—continuous increasing- from

low to high intensity

626 healthy controlsa Cycle ergometer—continuous
steady—moderate intensity

Treadmill—continuous increasing- from
low to moderate intensity

(Continued on following page)
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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 orME/
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
inME/CFSpatients 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).

TABLE 2 (Continued) Responses to exercise in persons with ME/CFS or long Covid compared with controls. Summary of systematic reviews and meta-analyses.

Authors Main purpose and
methodology

No included studies
and no of participants
included in meta-
analysis

Types of exercise included Main results

Country

Durstenfeld
et al. (2022)

To estimate the difference in exercise
capacity between individuals with and
without long COVID symptoms and
to elucidate possible mechanisms

3 studies Cycle ergometer (upright or
supine)– continuous increasing (CPET)-
from low to high intensity

Aerobic capacity was lower in
individuals with long COVID
symptoms

Systematic review and meta-analysis 1,228 individuals with long
COVID

Treadmill—continuous increasing- from
low to high intensity

Several factors may contribute to
decreased aerobic capacity,
including deconditioning

932 individuals without long
COVID symptoms

aOnly studies and participants studied with exercise models.

ME/CFS, Myalgic encephalomyelitis/chronic fatigue syndrome.

FM, fibromyalgia.

CPET, cardiopulmonary exercise test.
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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
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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
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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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