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Mantovani, Paulina López-Carrasco, et al.

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS): An Overview
Reprinted from: J. Clin. Med. 2021, 10, 4786, doi:10.3390/jcm10204786 . . . . . . . . . . . . . . . . 205

Eun-Jin Lim and Chang-Gue Son

Prevalence of Chronic Fatigue Syndrome (CFS) in Korea and Japan: A Meta-Analysis
Reprinted from: J. Clin. Med. 2021, 10, 3204, doi:10.3390/jcm10153204 . . . . . . . . . . . . . . . . 227

Eun-Jin Lim, Eun-Bum Kang, Eun-Su Jang and Chang-Gue Son

The Prospects of the Two-Day Cardiopulmonary Exercise Test (CPET) in ME/CFS Patients:
A Meta-Analysis
Reprinted from: J. Clin. Med. 2020, 9, 4040, doi:10.3390/jcm9124040 . . . . . . . . . . . . . . . . . 235

Do-Young Kim, Jin-Seok Lee and Chang-Gue Son

Systematic Review of Primary Outcome Measurements for Chronic Fatigue Syndrome/Myalgic
Encephalomyelitis (CFS/ME) in Randomized Controlled Trials
Reprinted from: J. Clin. Med. 2020, 9, 3463, doi:10.3390/jcm9113463 . . . . . . . . . . . . . . . . . 249

Salvatore Chirumbolo, Luigi Valdenassi, Marianno Franzini, Sergio Pandolfi, Giovanni

Ricevuti and Umberto Tirelli

Male vs. Female Differences in Responding to Oxygen–Ozone Autohemotherapy (O2-O3-AHT)
in Patients with Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)
Reprinted from: J. Clin. Med. 2022, 11, 173, doi:10.3390/jcm11010173 . . . . . . . . . . . . . . . . 261

vi



Citation: Lorusso, L.; Ricevuti, G.

Special Issue “Chronic Fatigue

Syndrome/Myalgic

Encephalomyelitis: Diagnosis and

Treatment”. J. Clin. Med. 2022, 11,

4563. https://doi.org/10.3390/

jcm11154563

Received: 19 April 2022

Accepted: 2 August 2022

Published: 4 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Editorial

Special Issue “Chronic Fatigue Syndrome/Myalgic
Encephalomyelitis: Diagnosis and Treatment”

Lorenzo Lorusso 1,* and Giovanni Ricevuti 2,*

1 Neuroloy and Stroke Unit, Neuroscience Department, A.S.S.T.-Lecco, 23807 Merate, Italy
2 Department of Drug Sciences, School of Pharmacy, University of Pavia, 27100 Pavia, Italy
* Correspondence: l.lorusso@asst-lecco.it (L.L.); giovanni.ricevuti@unipv.it (G.R.)

Chronic fatigue syndrome, or myalgic encephalomyelitis (CFS/ME), is a debilitat-
ing disease with unknown causes that is more common in women and tends to develop
between patients’ mid-20s and mid-40s. From the perspectives on the etiology and patho-
physiology, CFS/ME has been labeled differently, which has influenced changes in case
definitions and terminologies. CFS/ME is characterized by persistent asthenia with as-
sociated musculoskeletal pain, cognitive disturbance (including attention, memory, and
concentration), psychological troubles (depression, anxiety), sleep disorders, and a va-
riety of neurovegetative symptoms. The best appropriate therapeutic is an integrative
approach, based on a personalized medical plane that includes distinct groups of pro-
cedures: educational, cognitive-behavioral, pharmacological and non-pharmacological
such as occupational therapy and rehabilitation. CFS/ME has some common clinical fea-
tures with fibromyalgia, and a differential diagnosis is difficult for General Practitioners
(GPs) [1,2].

The recent opinion is that CFS/ME pathogenesis is dependent on several factors
or causes. Different studies have shown evidence for an alteration in immunity system
in patients with CFS/ME. A modification in cytokine subsets, a diminished activity of
natural killer (NK) lymphocytes, the detection of autoantibodies and a decreased response
of T cells to mitogens and specific antigens have been observed. An increased level of
pro-inflammatory cytokines may explain some of the clinical features, such as fatigue
and flulike symptoms, with an effect on NK activity. Anomalous activation of the T
lymphocyte profile and a reduction in antibody-dependent cell-mediated cytotoxicity have
been reported. An increased number of CD8+ cytotoxic T lymphocytes and CD38 and
HLA-DR activation markers have been demonstrated, and a reduced CD11b expression
associated with an increased expression of CD28+ T subsets has been described [3]. An
interest towards CFS/ME is increased with the recent pandemic by SARS-CoV-2 because,
after the acute phase of disease, some patients have clinical features similar to CFS/ME
called Long-COVID, characterized by tiredness, brain fog and headache. There is debate on
common aspect between these pathologies but in especially a possible effect of COVID-19
on CFS/ME and the consequences [4].

This Special Issue on CFS/ME collects 18 papers with an interdisciplinary view on
the current demographic and epidemiological data and immunological characteristics of
CFS/ME and examines the different pathogenic hypotheses, as well as giving information
about the latest knowledge on diagnostic investigations, pharmacological, integrative,
physical, cognitive-behavioral and psychological curative approaches.

It is known that CFS/ME affects young adults, but there are little studies in pediatric
and adolescent age. Australian colleagues Elisha K. Josev and colleagues have carried out
a case-controlled follow-up study on the health, wellbeing and prognosis of Australian
adolescents with CFS/ME on the comprehension of the important relation between phys-
ical and psychological health factors to adolescent’ long-term outcome for approaching
future prevention, management and treatment [5]. Concerning epidemiological data, there
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is little information for Asian countries such Korea and Japan. Eun-Jn Lim and Chang-Gue
Son evaluate and match the prevalence of CFS/ME in Korea and Japan, performing a
meta-analysis analyzing the main characteristics of these nations [6]. The emerging data of
the involvement of immune system confirmed the hypothesis that CFS/ME is an autoim-
mune disease; recent studies have shown the role of autoantibodies towards the vegetative
nervous system. Freitag H. and colleagues reported the reactivity of autoantibodies to
vasoregulative G-Protein-Coupled Receptor correlates with autonomic dysfunction, clin-
ical gravity and disability in CFS/ME patients [7]. Another paper, by Kujawski S. and
collaborators, studies the differences in CFS patients applying post-exertional malaise
(PEM) as indicators of aortic stiffness, autonomic nervous system function and severity of
fatigue [8]. Always on the role of the autonomic nervous system dysfunction, Jessica Van
Oosterwijck et al. published a paper showing decreased parasympathetic reactivation from
physical exercise that could be correlated with a bad prognosis or high risk for adverse
cardiac event [8]. Varesi A. and colleagues investigated the emerging role of the modified
composition of gut microbiota in relationship with genetic, infection, immunological and
other influences that have seen in CFS/ME individuals [9]. The authors discuss the change
and the potential therapeutic application of treating the gut in CFS/ME patients [10].

A collection of papers investigates the importance of the diagnostic tools in clinical
practice. We start with Baklund H. I. et al., who evaluated the blood test in relationship with
clinical features and diagnostic classification, suggesting muscle damage and metabolic
abnormalities [11].

A potential blood diagnostic tool, by Castro-Marrero J. and his Spanish collaborators,
could be the complement C1 examining in CFS/ME three-symptom clusters, identified as
severe, moderate and mild, presenting important differences in five blood parameters [12].
Another objective measurement for PEM, which is a hallmark of CFS/ME, is the application
of the two-days cardiopulmonary exercise test (CPET) to assess functional impairment: Eun-
Jin Lim and Korean collaborators, in their paper, published the results of a meta-analysis
on this diagnostic tool [13]. Moreover, Do-Young Kim and his Korean colleagues examined
a systematic review to provide an overview of the adoption of the main measurements
in RCTs for CFS/ME. Around 40% of RCTs utilized multiple primary measurements.
This information could be helpful in clinical practice in the design of medical studies for
CFS/ME-linked therapeutic development [14].

The therapy of CFS/ME is problematic due to lack of knowledge on the etiopathogen-
esis of this disease, with application of the unconventional and conventional treatments:
Tirelli and colleagues compared the application of oxygen–ozone autohemotherapy (O2-
O3-AHT) in male vs. female patients, evaluating the differences in their responses to
this approach [15]. The effects of exercise from a structured activity program have been
disputed; Kujawski S. et al., with a multidisciplinary study, examined the impact of a per-
sonalized program of activities associated with cardiovascular, mitochondrial and fatigue
parameters, showing a reduction in fatigue and an improving functional performance [16].
An important conventional therapeutic approach is the effect of s.c. IgG self-treatment in
ME/CFS patients with IgG/IgG subgroup deficiency. The aim of Scheibenbogen C. and
her German collaborators was to study the IgG administration for its immunomodulatory
effects. [17].

There are few studies relationship CFS/ME patients and COVID-19 patients [18]. Araja
D. and Latvian collaborators researched undiagnosed CFS/ME patients, hypothesizing the
expansion of post-viral CFS as an effect of COVID-19 and its social impact. The Latvian
research results show that patients with CFS/ME are not a risk group for COVID-19;
however, COVID-19 causes symptoms similar to CFS/ME. They concluded that CFS/ME
creates a significant social consequence, considering the direct medical costs of undiagnosed
patients. At the same time, COVID-19 is responsible for long-lasting complications and a
chronic course, such as post-viral CFS [19].

Deumer U-S et al. discuss the role of the gut microbiota on disease progression,
highlighting a potential biomarker in non-coding RNA (ncRNA) as a probable diagnostic
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tool and suggesting the possibility that SARS-CoV-2 infection may result in symptoms
similar to CFS [20].

CFS/ME has an overlap with Fibromyalgia, and differential diagnosis is difficult for
some clinicians because the diagnosis of fibromyalgia is based only on clinical features
that are characterized by widespread pain, fatigue, stiffness and troubles in cognitive
functions, such as attention, executive function and verbal memory deficits [21]. It is
important to add more tests beyond the Mini-Mental State Examination (MMSE) and
the Montreal Cognitive Assessment (MoCA) test in fibromyalgia patients to assess the
relationship between physical and cognitive performance, as reported by Murillo-Garcia
A. and colleagues [22]. Another potential diagnostic tool is studied by Martin-Brufau R.
and collaborators using electroencephalography for patients with fibromyalgia that present
lower levels of brain activity with reduced connectivity than controls. The Spanish group
identified a possible neurophysiological pattern that could adapt to the clinical features of
the disease [23]. The therapeutic approach to this disease is a difficult choice. Rodriguez-
Mansilla J. and Spanish collaborators studied the effects of non-pharmacological treatment
in terms of the effectiveness of an exercise program compared to wellness activities by
improving pain, flexibility, static balance, perceived effort and quality of life in patients with
fibromyalgia. Participants in the active exercise program performed better than exercise
for well-being [24]. This proposal in fibromyalgia is associated with other conventional
treatments based on a multidisciplinary approach.

In conclusion, the papers published within this research topic, with the major contri-
bution of the members of the European Network on Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome (EUROMENE), give us the recent highlight perspective and opportu-
nities for the discovery and development of possible specific biomarkers, diagnostic and
therapeutic approaches for these immunological disorders.

Funding: This research received no external funding.
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Abstract: Although autonomic nervous system (ANS) dysfunction in Myalgic Encephalomyeli-
tis/Chronic Fatigue Syndrome (ME/CFS) has been proposed, conflicting evidence makes it difficult
to draw firm conclusions regarding ANS activity at rest in ME/CFS patients. Although severe
exercise intolerance is one of the core features of ME/CFS, little attempts have been made to study
ANS responses to physical exercise. Therefore, impairments in ANS activation at rest and following
exercise were examined using a case-control study in 20 ME/CFS patients and 20 healthy people.
Different autonomous variables, including cardiac, respiratory, and electrodermal responses were
assessed at rest and following an acute exercise bout. At rest, parameters in the time-domain repre-
sented normal autonomic function in ME/CFS, while frequency-domain parameters indicated the
possible presence of diminished (para)sympathetic activation. Reduced parasympathetic reactivation
during recovery from exercise was observed in ME/CFS. This is the first study showing reduced
parasympathetic reactivation during recovery from physical exercise in ME/CFS. Delayed HR recov-
ery and/or a reduced HRV as seen in ME/CFS have been associated with poor disease prognosis,
high risk for adverse cardiac events, and morbidity in other pathologies, implying that future studies
should examine whether this is also the case in ME/CFS and how to safely improve HR recovery in
this population.

Keywords: autonomic nervous system; autonomic function; electrodermal activity; electrocardio-
gram; heart rate

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a debilitating
complex disorder characterized by extreme fatigue and pain complaints [1]. As fatigue
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and pain are often correlated to symptoms of autonomic dysfunction, involvement of the
autonomic nervous system (ANS) has been proposed [2,3]. Two recent systematic reviews
examining the existing evidence in ME/CFS have emphasized that controversial findings
have been reported and that not all parameters of autonomic function have been studied
extensively in this disorder [4,5]. As a consequence, it has been difficult to draw firm
conclusions regarding ANS activity at rest in ME/CFS.

Furthermore, little attempts have been made to study ANS activation in response to
physical exercise, which is remarkable, as severe exercise intolerance is one of the core
features of ME/CFS. More specifically, these patients show decreased cerebral oxygen
and blood volume/flow, decreased pain thresholds, impaired oxygen delivery to muscles,
elevated levels of oxidative stress and complement proteins, delayed recovery of peripheral
muscle fatigue, and symptom exacerbations in response to/during exercise [6]. The
impaired cardiodynamic responses to exercise that have been reported in ME/CFS include
a slow acceleration of heart rate (HR) and decreased maximum HR during incremental
exercise and diminished HR and blood pressure (BP) responses during isometric handgrip
exercise [7–12]. While heart rate variability (HRV) analysis is the most commonly used
measure for the evaluation of cardiac autonomic function at rest and during exercise,
studies in ME/CFS have been limited to HR (in beats/minute) and BP responses to physical
acute exercise.

Moreover, to date, no studies have examined whether ME/CFS patients have normal
autonomic activation during exercise recovery. Yet the ANS does not only play a crucial
role in the cardiovascular response to acute exercise, it is also implicated in the recovery
from exercise when the balance between the sympathetic and parasympathetic activity
needs to be restored [13]. Furthermore, HR recovery after exercise has recently been shown
to predict all-cause and cardiovascular mortality as well as sudden death [14–17].

Therefore, the objective of this study was to assess autonomic function in patients with
ME/CFS at rest, during an acute exercise bout, and during recovery from this exercise bout.
During these conditions, different autonomous variables, including cardiac, respiratory,
and electrodermal responses, were studied concomitantly and were compared to the
responses of a healthy control group.

2. Materials and Methods

2.1. Ethical Approval

This study was designed as a blinded case-control study in line with the STROBE
Statement (http://www.strobe-statement.org/) and conducted in accordance with the
Declaration of Helsinki with the protocol being approved by the Ethics Committee of the
University Hospital Brussels/Vrije Universiteit Brussel (BUN 143201316368). The study
was conducted at the department of human physiology from the Vrije Universiteit Brussel,
and all participants provided written informed consent prior to study initiation. The
abstract of conference presentation of this study has been published [18].

2.2. Subjects

Twenty ME/CFS patients and 20 healthy sedentary controls participated in this study.
Patients were diagnosed according to the CDCP criteria for ME/CFS [19]. Healthy subjects
with a medical history of endocrine abnormalities or diseases known to affect the func-
tion of the cardiovascular, immune, or autonomic system were excluded. Sedentary was
defined as having a seated occupation and performing ≤3 h of moderate physical activ-
ity/week [20]. Moderate activities correspond to activities demanding at least threefold
the energy spent passively [20].

All subjects were between 18 and 65 years of age and female as pooling of gender
data forms an important source of bias in studies examining exercise physiology and as
ME/CFS is predominant in females [21,22]. In order to preclude other confounding factors,
subjects were excluded when pregnant, lactating, or <1 year postnatal.
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ME/CFS patients were recruited from the department of internal medicine at a univer-
sity hospital and from a private practice for internal medicine, where co-authors GM and
LL respectively checked which patients fulfilled the inclusion criteria and informed them
of the study and the possibility of participating in the study. Patients were voluntarily able
to decide whether they were willing to participate, without this choice having any effect on
their health care. The healthy subjects were recruited amongst healthy friends and relatives
from the ME/CFS patients and volunteers who replied to advertisements.

2.3. Procedure

During the 1st visit study, one of the researchers (JVO) examined whether the included
ME/CFS patients also fulfilled the more recent Canadian criteria for ME/CFS [1], which
was the case for all patients. Sociodemographic and disease-related information was
collected via a self-composed questionnaire. In order to prevent stress on the day of the
assessment each subject was guided through the lab, the different assessment methods and
materials were shown, and the full test procedure was explained. The 2nd visit took place
within 7–21 days following the 1st visit.

During the 2nd visit, participants performed a submaximal bicycle exercise test with
continuous cardiorespiratory monitoring. The Aerobic Power Index test [23–25] was
performed as described in our previous study [26]. In summary, the exercise protocol
commenced at 25 W, and the workload (W) was linearly increased by 25 W/minute,
maintaining a cycling rate of 70 rotations/minute until 75% of the age-predicted target
HR was reached. The exercise test was concluded by a short cooling down of 30 s, during
which the subject kept cycling against a resistance of 25 W, to prevent venous pooling.

A portable cardiopulmonary indirect breath-by-breath calorimetry system (MetaMax
3B, Cortex Biophysik GmbH, Leipzig, Germany) was used to analyze the expired air for
ventilatory and metabolic variables. HR during exercise was recorded using ECG electrodes
allowing real-time determination of achieved target HR and post-determination of the
mean and peak HR during exercise. Immediately following the exercise, subjects were
asked to assess their perceived exertion using the Ratings of Perceived Exertion (RPE) Borg
scale. The set-up of the exercise test is shown in Figure 1. Before the exercise test (at rest),
during the exercise test, and during the subsequent passive recovery period, physiological
measures of autonomic function were performed.

 
Figure 1. Set-up of the standardized submaximal bicycle exercise test.
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All assessments took place in a quiet room with constant ambient temperature (21–23 ◦C).
Subjects were asked to refrain from consuming caffeine, alcohol, nicotine, and physical
exertion on the day of the experiment. If medically permissible, medication acting on
(1) the cardiovascular system was withheld on the day of the examinations, as this type of
medication can prevent achievement of the target HR during the exercise test; and (2) the
central nervous or hormonal systems was withheld for at least 48 h before the examinations
took place, as these types of medications can influence autonomic function. Subjects were
asked to report whether they complied with these instructions.

2.4. Physiological Measures of Autonomic Function

The Nexus-10 wireless and portable telemetry data acquisition system (Mind Media
BV, Roermond-Herten, The Netherlands) was used to physiologically assess autonomic
responses such as skin conductance (SC), skin temperature (ST), electrocardiogram (ECG),
and respiration rate (RR). Blood pressure (BP) was measured using an electronic blood
pressure monitor. Placement of the sensors is presented in Figure 2. Measures were taken
continuously during 10 min of rest before and following the bicycle exercise; the latter
was considered as the recovery period. During the measurements at rest and recovery, the
subject lay supine with the forearms in supination beside the body and was asked not to
talk, move, or close the eyes. Measures during exercise were limited to ECG. Signals were
analyzed offline with the BioSig toolbox in MATLAB software (MathWorks, Natick, MA,
USA). For each measurement, the overall mean across the recording periods was calculated
(mean PRE, mean DURING, mean POST) (Guideline on heart rate variability, 1996).

 

Figure 2. Electrode placement. Legends: A: skin conductance sensors, B: skin temperature sensor,
C: ECG electrodes standard lead II placement, D: elastic belt with piezoelectric sensor to measure
respiration rate, E: inflatable cuff placement of the electronic blood pressure monitor.

HRV was assessed through calculation of the root mean square of successive differ-
ences between NN intervals (RMSSD) and frequency analysis performed using the quotient
(LF/HFratio) of low-frequency components (i.e., the power in the low-frequency (LF) range
between 0.04 and 0.15 Hz) over high-frequency components (i.e., the power in the high-
frequency (HF) range between 0.15 and 0.40 Hz) after fast Fourier transformation [27,28].
RMSSD reflects the integrity of vagus nerve-mediated autonomic control of the heart [29].
The LF/HF ratio is an indicator of cardiac sympathetic modulation and sympatho/vagal
balance [28]. The efferent vagal activity is a major contributor to the HF component, while
LF is mediated by both sympathetic and parasympathetic modulations. SC, a parameter of
peripheral sympathetic activity, was assessed by extracting a measurement of the (tonic)
background level i.e., skin conductance level (SCL), and of the time-varying (phasic) re-
sponses i.e., skin conductance responses (SCR) [30]. Changes in ST as small as 0.001 ◦C in a
range of 10–40 ◦C were recorded. Peak detection was applied on the respiration data, and
the number of peaks/minute reflected the RR. BP was measured at the start and at the end
of the 10-min periods preceding and following the bicycle exercise.
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2.5. Statistics

Data analysis was performed using SPSS 20.0. Descriptives were calculated, and the
normality of the data was evaluated using the Shapiro–Wilk test and visual assessment of
histograms, QQ-plots, and boxplots. When possible outliers were identified during this
assessment, it was examined whether these were in the normal range of the according
measures or whether they were considered as outliers using the outlier labeling rule [31].

Comparability of the groups at baseline and regarding exercise related outcome was
evaluated using the Independent Samples t-test or Mann–Whitney U test depending on
the distribution of the data. The Fisher exact test or the Pearson Chi-Square test were used
to analyze binary and categorical data.

Not all outcome measures of autonomic function were normally distributed, and as
logarithmically transformation did not resolve this issue for all parameters, further analysis
was performed using univariate analyses. For each group (ME⁄CFS and CON), possible
differences in the response of the outcome measures to exercise (PRE vs. DURING vs. POST)
was examined using either the Paired Samples t-test or the Wilcoxon Signed Rank test. In
case a significant difference was found regarding the recovery (PRE vs. POST), the 10-min
baseline and recovery periods were additionally divided into five equal 2-min long periods
to examine the course of the autonomic responses over time. The difference in exercise
response between the two groups regarding autonomic function was examined using the
Mann–Whitney U or Independent Samples t-testing.

The significance level was set at p < 0.05.
Since no studies had examined autonomic nervous function during/following physi-

cal exercise in ME/CFS before, no data were available to provide a basis for the a priori
power analysis. Therefore, the sample size was based on a similar study [32] which eval-
uated autonomic dysfunction based on HRV parameters in time and frequency domains
and HR recovery in response to a submaximal bicycle exercise test in females with chronic
stroke on the one hand, and on a study [26] that used a submaximal bicycle exercise test to
evaluate exercise intolerance in females with ME/CFS on the other hand. The calculations
revealed that 16 to 21 subjects/group were required to obtain a power of 0.80 with α = 0.05.

3. Results

3.1. Subjects

The sociodemographic data are shown in Table 1, and no significant group differences
were found. Even though subjects were asked to refrain from central acting medication on
the day of exercise testing, six ME/CFS and one control subject reported using medication
(between-group p = 0.091). Only two ME/CFS patients took central acting selective sero-
tonin reuptake inhibitors, while all other subjects took peripheral acting drugs including
paracetamol, diclofenac, and non-steroid anti-inflammatory drugs.
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Table 1. Demographic baseline characteristics.

ME/CFS Group
(n = 20)

Healthy Group
(n = 20)

Between-Group
Comparison (p-Value)

Age, years
0.155

Mean (SD) 41.6 (9.8) 34.6 (15.2)

Length, cm
0.935

Mean (SD) 168 (5) 168 (8)

Weight, kg
0.168

Mean (SD) 68.1 (14.9) 73.9 (15.6)

Handedness

1.000Right (n) 17 16

Left (n) 3 4

Employment status

0.208

Student (n) 1 6

Retired (n) 0 1

Full-time (n) 4 2

Part-time (n) 6 4

Non-employed (n) 9 7

Years of education
0.177

Mean (SD) 14.4 (2.8) 15.6 (2.7)

Highest degree of education

0.054

Primary school (n)

Secondary education (n) 9 12

Higher education—university or
college (n) 2 1

Higher education—adult education
social 8 7

advancement course (n) 1 0

Marital status

0.609

Single (n) 9 12

Living together (n) 2 1

Married (n) 8 7

Widow (n) 1 0

Children

Yes 7 12
0.205

No 13 8

Mean number (SD) 1 (1.0) 1 (1.3) 0.640

Time from diagnosis, months

Mean (SD) 70.3 (56.8) NA NA

Abbreviations: SD: standard deviation, n: number of, NA: not applicable.
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3.2. Exercise-Related Outcomes

All subjects were able to complete the exercise test. There were no significant between-
group differences regarding theoretical target HR, actual achieved peak HR and mean
HR, cycling time, maximum workload achieved, and exercise capacity, as can been seen
in Table 2. Although both groups performed a similar exercise test and showed similar
exercise capacity, the exercise was perceived as heavier and more strenuous by the ME/CFS
patients (p < 0.001).

Table 2. Exercise-related outcomes.

ME/CFS Group
(n = 20)

Healthy Group
(n = 20)

Between-Group Comparison
(p-Value)

HR, bpm
Theoretical target HR peak * 134 (7) 140 (12) 0.149

Actual achieved HR peak 140 (9) 142 (10) 0.453
Mean HR 114 (10) 119 (10) 0.092

Cycling time, min 3.86 (1.00) 4.15 (1.15) 0.401

Peak Workload 109 (25) 118 (25) 0.327

VO2 peak, mL/min/kg 16.98 (4.25) 19.96 (6.80) 0.112

VE peak, L/min 31.81 (9.67) 31.61 (11.30) 0.758

RER peak 0.76 (0.89) 72 (0.08) 0.101

RPE 16 (0.3) 12 (2) <0.001

Abbreviations: HR: heart rate, VO2 peak: peak oxygen uptake, VE peak: peak ventilation, RER peak: respiratory exchange ratio, RPE: rate
of perceived exertion, * corresponds with 75% of the age-predicted target HR.

3.3. Autonomic Function

The mean PRE, DURING, and POST values for each group are presented in Figure 3;
values of the 2-min intervals are presented in the supporting information (S1).

Figure 3. Cont.
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Figure 3. Means and standard deviations of autonomic outcome measures. The specific outcome
measure each figure refers to is in depected in the figure itself. (a) HR (bpm); (b) HRV RMSSD (ms);
(c) HRV LF (m2); (d) HRV HF (ms2); (e) The LF/HF ratio; (f) ST (◦C); (g) SCL (μS); (h) SCR;
(i) PB (mmHg); (j) RR (I/min). Legends: The y-axis represents the quantification of the measure, the
x-axis represents the time point of the measure (PRE: measure taken prior to exercise, DURING: mea-
sure taken during exercise, POST: measure taken post-exercise). Gray bars: healthy controls, black
bars: ME/CFS. Abbreviations: BP: blood pressure, bpm: beat per minute, CI: confidence interval,
HR: high frequency, HR: heart rate, HRV: heart rate variability, LF: low frequency, ME/CFS: Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome, RMSSD: root mean square of successive differences
between NN intervals, RR: respiration rate, SCL: skin conductance level, SCR: skin conductance
response, ST: skin temperature.

3.4. HR

No between-group differences were found for mean HR at baseline (PRE p = 0.870),
during exercise (DURING p = 0.092), and during recovery (POST p = 0.655) (Figure 3a). During
exercise, the mean HR was higher than at rest in both groups (PRE vs. DURING p < 0.001).
After the exercise, the mean HR declined in both groups (DURING vs. POST p < 0.001), but
a differential response was seen regarding full recovery. The controls showed no significant
differences between HR measured during recovery and HR at rest (PRE vs. POST p = 0.578),
indicating a quick recovery to the original baseline levels following exercise. In ME/CFS,
this was not the case, as a significantly higher HR was observed during recovery than at
rest (PRE vs. POST p = 0.031), and at the end of the 10-min recovery, the HR remained
above the baseline levels (PRE8-10 min vs. POST8-10 min p = 0.020), which was not the
case for the controls.

3.5. HRV

No significant group differences were found regarding RMSSD at baseline (PRE p = 0.060)
(Figure 3b). In both groups, a similar response to exercise was seen (DURING p = 0.613), with
RMSSD decreasing (PRE vs. DURING ME/CFS p = 0.003, CON p < 0.001). After exercise,
RMSSD values increased again (DURING vs. POST ME/CFS p = 0.006, CON p < 0.001),
but RMSSD during recovery did differ significantly between groups. ME/CFS subjects
showed lower values than the controls over the whole recovery period (POST p = 0.010) as
well as at the different time intervals (p between 0.003 and 0.041). The overall RMSSD response
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during recovery was similar to baseline in both groups (PRE vs. POST ME/CFS p = 0.059,
CON p = 0.881).

Both HF and LF were significantly lower in ME/CFS than in the controls at baseline
(PRE HF p = 0.024, LF p = 0.038) and during recovery (POST HF p = 0.001, LF p = 0.015)
(Figure 3c,d). During exercise, this difference between groups dissipated for HF (p = 0.245)
but was sustained for LF (p = 0.029), and HF (PRE vs. DURING ME/CFS p = 0.014,
CON p < 0.001) as well as LF (PRE vs. DURING ME/CFS = 0.022, CON p < 0.001) levels
decreased in the two groups. In the controls, both HF and LF increased during recovery
(DURING vs. POST respectively p = 0.022 and p < 0.001). While HF significantly increased
during recovery in the ME/CFS patients, the increase in LF was not significant (DURING
vs. POST respectively p = 0.016 and p = 0.193). The HF of the controls during exercise
recovery was similar as in baseline (PRE vs. POST p = 0.709), while their LF was significantly
lower during the recovery period (PRE vs. POST p = 0.012). In ME/CFS, the opposite effect
was observed, where LF during recovery was similar to baseline (PRE vs. POST p = 0.126),
and HF was significantly decreased during the whole recovery period (PRE vs. POST
p = 0.044) and at the end of the 10-min recovery period (PRE8-10 min vs. POST8-10 min
p = 0.016).

The LF/HF ratio was similar between groups at baseline (PRE p = 0.314) and during
exercise (DURING p = 0.961) but higher in ME/CFS than in the controls during recovery
(POST p = 0.035) (Figure 3e). At the end of the recovery period, the group difference was
no longer present (POST8–10 min p = 0.057). While the LF/HF ratio increased significantly
from rest to exercise in controls, this was not the case in the ME/CFS group (PRE vs. DUR-
ING ME/CFS p = 0.078, CON p = 0.001). However, values decreased in both groups during
the post-exercise recovery period (DURING vs. POST ME/CFS p = 0.009, CON p = 0.004)
until they were no longer significantly different from baseline (PRE vs. POST ME/CFS
p = 0.841, CON p = 0.502).

3.6. Electrodermal Responses

SCL were lower in ME/CFS than in the controls, but only during recovery did this dif-
ference reach significance (PRE p = 0.165, POST p = 0.016) (Figure 3g). The group difference
was observed throughout the whole recovery period (POST intervals between 0.018 and
0.044). Although SCL were lower during recovery than at baseline, the mean difference
was not significant in either group (PRE vs. POST ME/CFS p = 0.184, CON p = 0.351).
SCR at baseline and during recovery were not significantly different from each other (PRE
vs. POST ME/CFS p = 0.916, CON p = 0.575) or between the two groups (PRE p = 0.758,
POST p = 0.569, POST intervals p between 0.309 and 0.835) (Figure 3h and Figure S1).

ST during recovery did not significantly differ from the baseline value in neither group
(PRE vs. POST ME/CFS p = 0.135, CON p = 0.823), and no group differences were observed
(PRE p = 0.383, POST p = 0.820) (Figure 3f).

3.7. RR

RR was similar between groups at baseline (PRE p = 0.656) (Figure 3j). While RR
was not measured during exercise, similar between-group ventilatory outcomes were
shown from the ergospirometric measures (cfr. 3.2). At the start of the recovery period, the
ME/CFS group had a higher RR than controls (POST1-2 min p = 0.032), their RR decreased
in the following 8 min of recovery returning to similar values as in the control group (POST
p = 0.343, POST3–4,5–6,7–8,8–10 min p between 0.155 and 0.851). However, throughout
the recovery period, RR remained higher than at baseline for both groups (PRE vs. POST
ME/CFS p = 0.003, CON p = 0.005).

3.8. BP

BP values at the start and at the end of 10 min of supine resting were similar (p between
0.094 and 0.617), and there were no group differences (p between 0.437 and 0.528) (Figure 3i).
Both groups responded in the same way to the exercise test (systolic BP p = 0.589, diastolic
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BP p = 0.588), with systolic BP increasing (ME/CFS p = 0.001, CON p = 0.003) while diastolic
BP remained stable (ME/CFS p = 0.262, CON p = 0.275). After 10 min of supine recovery,
both systolic and diastolic BP were similar to the values seen at rest (p between 0.063 and
0.767) and between groups (systolic BP p = 0.979, diastolic BP p = 0.467).

4. Discussion

This study assessed autonomic function in patients with ME/CFS at rest, during an
acute bout of physical exercise, and during exercise recovery. HRV frequency-domain
parameters indicated the possible presence of diminished cardiac (para)sympathetic activa-
tion at supine rest, while blood pressure, respiratory, electrodermal, and HRV parameters
in the time-domain represented normal autonomic function at rest in ME/CFS. A similar
(para)sympathetic modulation took place during exercise in ME/CFS as in healthy people;
however, the magnitude of this modulation was impaired in those with ME/CFS. Reduced
parasympathetic reactivation during recovery from exercise was observed in ME/CFS.

4.1. Autonomic Function at Rest in ME/CFS

In the present study HR, BP, RMSSD, RR, SCL, SCR, and ST suggest normal autonomic
activity during supine lying in ME/CFS. A similar amount of studies exist that confirm or
refute the presence of a differential HR and BP in ME/CFS at rest (reviewed in [4,5]). Our
findings showed that ME/CFS patients have a similar resting HR and systolic/diastolic
BP as healthy sedentary subjects. This was also the case for RMSSD, which is in line with
previous observations (reviewed in [4,5]). Although LF and HF in ME/CFS were lower
than in healthy subjects, the LF/HR ratio was similar in both groups. This observation
could indicate reduced sympathetic and parasympathetic activity in ME/CFS at rest,
while the sympatho/vagal balance is maintained. As LF is related to baroreflex function,
a decreased LF could reflect baroreflex failure, which in turn is often observed in case
of cardiac sympathetic denervation [33]. However, further research using beat-to-beat
measures is necessary to confirm this assumption.

The current knowledge regarding electrodermal function in ME/CFS is very limited,
as only one study [34] has examined this aspect of autonomic function before in this popu-
lation. The findings from that study suggested that ME/CFS patients have normal SCR
but reduced SCL and increased ST. Our findings could not confirm the latter observations.
Although mean SCL were lower and mean ST was higher in ME/CFS than in the healthy
group, the difference was not significant, and the mean values were lower than those
reported by Pazderka-Robinson et al. [34].

4.2. Autonomic Function during an Acute Aerobic Exercise Bout in ME/CFS

Cardiac responses were studied during the performance of a submaximal, incremental
aerobic exercise test on a cycle ergometer. Performance parameters such as the ability to
complete the exercise protocol, exercise capacity, final power output, and cycled time were
similar between ME/CFS and healthy subjects, which is in line with previous reports [26,35]
and suggests equal demands were required from the ANS during exercise in both pop-
ulations. In normal circumstances, exercise is accompanied with dynamic changes in
cardiac responses, which results in an increased blood flow and redistribution of the blood
to satisfy the energy demands of the working muscles. While systolic BP will increase
during exercise, diastolic BP remains relatively constant. HR increases immediately at the
onset of activity as a result of parasympathetic withdrawal [36]. As exercise continues,
further increases in HR are due to the action of the sympathetic nervous system. The
increased sympathetic nervous activity is reflected in an increased LF/HF ratio and has
been described to occur when HR exceeds 100 bpm [37,38].

Our findings in ME/CFS are in line with these observations in healthy people. The
BP responses during exercise were normal in ME/CFS, with systolic BP increasing while
diastolic BP remained stable. The subjects’ mean HR increased during exercise testing
while the mean HF dropped, which can be interpreted as a decrease in parasympathetic
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modulation. As this was observed in both ME/CFS and healthy subjects, we can conclude
that this autonomic mechanism functions normally in ME/CFS. Since sympathetic activity
cannot be easily isolated from LF, the LF/HR ratio is a more adequate parameter to provide
us with insights regarding sympathetic modulation and sympatho/vagal balance during
the exercise test [28]. The LF/HF ratio increased in the controls, reflecting sympathetic
dominance and parasympathetic inhibition during exercise. Although the mean LF/HF
ratio also increased in ME/CFS in response to the exercise, the decrease was not large
enough to reach significance. The latter observation might indicate that although a similar
autonomic modulation seems to take place during exercise in ME/CFS as in healthy people,
the magnitude of this modulation might be impaired in ME/CFS. Further research in larger
sample sizes is warranted to confirm these assumptions.

4.3. Autonomic Function during Recovery from Exercise in ME/CFS

Autonomic activity was assessed during a 10-min passive recovery period following
the aerobic exercise test. HR and BP responses during recovery were similar for both
groups, although those with ME/CFS did not manage to fully restore their elevated HR
to rest levels as healthy subjects did. It has been shown that a delayed HR recovery,
which is the return of the HR during post-exercise recovery to the pre-exercise HR by
parasympathetic reactivation, is an independent predictor of overall mortality and may be
linked to adverse prognosis [14–17]. Therefore, the lack of HR recovery observed during
the two first minutes of the passive recovery period and the delayed HR recovery observed
over the full 10 min of the recovery period could have important implications, and this
should be further examined. Specifically, future studies should attempt to evaluate HR
recovery during the first or second minute after immediate cessations of the acute exercise
bout (i.e., passive recovery) or during cooling down (i.e., active recovery) [39]. As aerobic
endurance training has been shown to accelerate HR recovery after exercise in healthy
people [40]), future studies are required to determine whether this type of training can also
improve HR recovery in ME/CFS and if this can be performed without inducing symptom
exacerbations [26].

Although RMSSD, LF, and HF evolved the same way in ME/CFS as in healthy subjects,
again, the magnitude of these modulations was smaller in ME/CFS. More specifically, in
ME/CFS, the increases of RMSSD and LF during recovery from exercise were reduced, and
although a similar increase was seen for HF, HF did not manage to restore to pre-exercise
levels. The latter observations indicate that ME/CFS patients manage to restore their HRV
following exercise, but that the magnitude of their HRV following exercise is lower than
in healthy people. The inability to restore HF to pre-exercise levels in ME/CFS suggest a
reduced parasympathetic modulation during recovery from exercise in these patients.

It is generally agreed that there is parasympathetic withdrawal and sympathetic
excitation during exercise and that these effects are reversed in recovery [36]). Hence, the
LF/HF ratio will decrease during recovery. This was the case for both ME/CFS patients and
healthy subjects, and the LF/HF reached similar values as at rest. Although the recovery
of LF/HF took place in ME/CFS, the magnitude was smaller, and more time (8 min)
was necessary to fully restore HF/LF as healthy people did. While both groups showed
equal LF/HF ratios at baseline, during recovery, ME/CFS patients had higher LF/HF than
healthy subjects, suggesting a dysfunctional balance between the parasympathetic and
sympathetic nervous system following recovery. However, LF/HF was restored at the end
of the 10-min recovery period, which possibly indicates a delayed recovery in ME/CFS.

It has been suggested that the HF or parasympathetic tone represents an individual’s
‘functional capacity’ for exercise [41]. Our HRV results in ME/CFS demonstrate a reduced
functional capacity for exercise (decreased HF power at rest). Since physical training has
been shown to cause an increase in parasympathetic tone [42], it could be beneficial for
ME/CFS. Nonetheless, the training intensity should be kept within the limits of the individ-
ual’s capacity in order to not worsen the already present autonomic imbalance; yet, it needs
to be high enough to invoke a training effect. The balance between accurate training stimuli
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and recovery is necessary to avoid post-exertional malaise. Since each training session
causes an acute decrease in parasympathetic activity, enough rest is required to rebound
back toward (and beyond) the original pre-training level. Hautala et al. [41] have suggested
to use the HF power obtained by HRV analysis as guidance in determining the correct
training volume. On days when decreased parasympathetic activity is observed in the
morning, expressing insufficient recovery from the previous exercise, a lower training load
or rest is prescribed; and conversely, on days with high parasympathetic activity, a higher
training load is allowed. Unfortunately, there is currently little knowledge regarding the
best exercise intensity for improving autonomic balance in individuals with a dysfunctional
stress system.

Similar responses in RR were seen in both groups, with RR remaining above baseline
levels during the 10 min of recovery. In the 2 first minutes of recovery, ME/CFS had higher
RR than healthy people, but after 2 min, the RR of the patients had decreased to similar
levels as the healthy group. Peripheral autonomic activity was studied by examining
SC and ST during the recovery period. SCL, which were similar between groups at rest
and showed an analogous evolution during recovery, were lower in the ME/CFS patients
compared to the healthy subjects throughout the recovery period. While the difference
in mean SCL did not seem to increase during the recovery period compared to baseline,
this difference between the groups seems to be the consequence of the diminished SCL
variability in the control group during the recovery period. SCR responses during recovery
were similar as at rest, and ME/CFS patients showed the same reactions as healthy people.
Currently, there is no literature available regarding electrodermal responses during exercise
recovery in ME/CFS, but our findings indicate that overall, these responses are similar as
in healthy people.

4.4. Strengths and Limitations

The results should be interpreted light of the following study limitations. As not all
subjects were examined at the same time of the day, and not all subjects complied with
instructions regarding the wash-out period of medication, we cannot exclude the possibility
that this influenced the results. As only women were studied, care should be taken with the
extrapolation of these results to the male ME⁄CFS population. As the study was performed
at the Human Physiology lab and participants had to perform an exercise test, it is obvious
that only patients with ME/CFS with mild to moderate disease severity participated in
this study. When interpreting the study results, one should keep in mind that although
post-exercise assessments were taken as quickly as possible, subjects needed to reposition
themselves from the bicycle to supine position and finger sensors needed to be reattached
before the assessments were started. In addition, using this protocol, it was not possible to
evaluate respiratory measures during exercise in the same way as at rest or recovery, or to
examine the electrodermal responses during exercise. Furthermore, the sample size was
based on primary outcomes of interest, namely, HRV parameters in time and frequency
domains and HR recovery, and thus, it cannot be excluded that for the other outcome
variables that were studied, the sample size was too low in order to draw firm conclusions.

The study has several strengths by complying with previous recommendations re-
garding research in ME/CFS and preventing confounding factors. Patients fulfilled the
diagnostic criteria for ME/CFS described by Fukuda et al. in 1994 [19] as well as the
more recent Canadian criteria described by Carruthers et al. in 2011 [1]. As previously
suggested, measures of cardiac, respiratory, and electrodermal activity were performed
to study different aspects of the ANS [5]. Sedentary healthy subjects were included and
showed similar exercise capacity levels and performance parameters as the ME/CFS group,
which suggests that deconditioning was not primarily responsible for the observed group
differences. A submaximal exercise protocol that is reliable and valid for testing these
populations was used [23–25]. Finally, all measures were undertaken in a standardized
way and in a temperature-controlled environment.
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5. Conclusions

The findings of this study suggest reduced autonomic modulation during exer-
cise/reactivation during exercise recovery in ME/CFS. As delayed HR recovery and/or a
reduced HRV implicate a poor disease prognosis and have been associated with higher
risk for cardiac events and morbidity, further studies on methods to improve HR recovery
in a safe way in ME/CFS are warranted. This mainly implies improving parasympathetic
reactivation following physical exercise and providing sufficient long recovery periods
following exercise.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10194527/s1, Figure S1: Means and standard deviations of autonomic outcome measures
over 2-min intervals.
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ECG electrocardiogram
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RR respiration rate
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Abstract: Background: Routine blood analytics are systematically used in the clinic to diagnose
disease or confirm individuals’ healthy status. For myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS), a disease relying exclusively on clinical symptoms for its diagnosis, blood
analytics only serve to rule out underlying conditions leading to exerting fatigue. However, studies
evaluating complete and large blood datasets by combinatorial approaches to evidence ME/CFS
condition or detect/identify case subgroups are still scarce. Methods: This study used unbiased
hierarchical cluster analysis of a large cohort of 250 carefully phenotyped female ME/CFS cases
toward exploring this possibility. Results: The results show three symptom-based clusters, classified
as severe, moderate, and mild, presenting significant differences (p < 0.05) in five blood parameters.
Unexpectedly the study also revealed high levels of circulating complement factor C1q in 107/250
(43%) of the participants, placing C1q as a key molecule to identify an ME/CFS subtype/subgroup
with more apparent pain symptoms. Conclusions: The results obtained have important implications
for the research of ME/CFS etiology and, most likely, for the implementation of future diagnosis
methods and treatments of ME/CFS in the clinic.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; C1q; complement system; blood
analytics; diagnosis; symptoms; cluster analysis

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) constitutes a serious
health problem that truncates the life of millions of people and their families around the
world [1–3]. ME/CFS is a chronic condition characterized by profound fatigue which
is exacerbated by physical/mental and emotional activity (also known as PEM; post-
exertional malaise), lack of refreshing sleep and dysautonomia, and multiple additional
comorbidities [4]; its diagnosis still solely relies on clinical symptom assessment [5–7] after
ruling out potential subjacent illness that could explain patient´s symptoms.

Despite a number of studies aimed at evidencing routine clinical parameters that may
be useful, at least for the suspicion of an ME/CFS case, few are the differences that have
been reported [8]. For example, Nacul et al. found significantly lower median values of
serum creatine kinase (CK) in severely ill patients compared to healthy controls (HCs)
and non-severe ME/CFS (median = 54, 101.5, and 84 U/L, respectively) [9], a finding

J. Clin. Med. 2021, 10, 4171. https://doi.org/10.3390/jcm10184171 https://www.mdpi.com/journal/jcm25



J. Clin. Med. 2021, 10, 4171

confirmed by two additional studies [10,11]. While CK differences may be derived from
patient sedentarism itself, some potential differences, including the levels of alkaline
phosphatase, free T4 levels, or eosinophil counts, detected at lower significance (p < 0.1) in
small cohorts (n = 15/group) [10] deserve further exploration in larger cohorts, individually
or in combination with others.

Blood factors differentially altered in ME/CFS subgroups may constitute valuable
tools in the clinic for achieving improved patient treatments, particularly for precision
medicine purposes, while they may also serve to minimize patient heterogeneity in research
studies. Unveiling the nature of ME/CFS, in fact, might well depend on homogeneous
patient subset assessment, boosting the statistical robustness of data.

Therefore, in the current study we aimed at identifying clinical parameters that
differentiate ME/CFS case subgroups by themselves or in relation to symptom severity,
in a large cohort of female ME/CFS cases (n = 250), with potential therapeutic and/or
research purposes.

2. Materials and Methods

2.1. Participants

In this observational, single-center, cross-sectional cohort study, a total of 250 females
with ME/CFS were consecutively referred to a tertiary care referral center for clinical eval-
uation by a ME/CFS specialized clinician (Vall d’Hebron University Hospital, Barcelona,
Spain) between March 2017 and December 2019. Participants were invited after eligibility
was confirmed. Inclusion criteria consisted in adult female individuals fulfilling the 1994
CDC/Fukuda definition [5] and 2003 Canadian Consensus Criteria for ME/CFS [6]. Par-
ticipants were excluded if they were previously diagnosed with any serious illnesses or
comorbid diseases that could be associated with their symptoms. Participants donated a
blood sample for routine blood testing, filled out validated standardized questionnaires,
and provided demographic data and clinical characteristics at the time of their inclusion in
the study.

The study procedures were reviewed and approved in accordance with the recom-
mendations from the local Clinical Research Ethics Committee (Vall d’Hebron University
Hospital, Barcelona, Spain; IRB protocol number: CEIC/PR-AG-VITAE-2015, approved
in June 2015). All subjects voluntarily provided written signed informed consent prior
to study participation, according to the guidelines of the Declaration of Helsinki and in
compliance with current Spanish regulations on clinical research and the standards of EU
good clinical practice.

2.2. Measures

Participants were asked to fill out validated self-reported outcome measures as symp-
tom assessment tools. The measures described below were used to evaluate all participants
under the supervision of two trained investigators (J.C.-M. and J.A.), who oversaw partici-
pant compliance.

2.2.1. Fatigue Impact Scale

The Fatigue Impact Scale (FIS-40) is a 40-item questionnaire designed to assess fatigue
symptoms as part of an underlying chronic condition. It includes three domains reflecting
the perceived feeling of fatigue: physical (10 items), cognitive (10 items), and psychosocial
functions (20 items). Each item is scored from zero (no fatigue) to four (severe fatigue). The
overall score is calculated by adding together the responses to the 40 questions (ranging
from 0 to 160 points). Higher scores indicate more functional limitations due to fatigue [12].

2.2.2. Composite Autonomic Symptom Score

For measuring autonomic dysfunction, all participants were screened using the Com-
posite Autonomic Symptom Score (COMPASS-31), a 31-item refined and abbreviated
questionnaire designed to evaluate the frequency and severity of autonomic function
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symptoms, grouped in six domains: orthostatic intolerance (four items), vasomotor (three
items), secretomotor (four items), gastrointestinal (12 items), bladder (three items), and
pupillomotor symptoms (five items). Added together, the six domain scores provide a
total COMPASS-31 score ranging from 0 to 100 points. Higher scores indicate more severe
autonomic complaints [13].

2.2.3. Pittsburgh Sleep Quality Index

The Pittsburgh Sleep Quality Index (PSQI) is a 19-item self-administrated question-
naire commonly used to assess sleep disturbances over a 1 month interval. Scores are
acquired on each of the seven domains of sleep quality: subjective sleep quality, sleep
latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping med-
ication, and daytime dysfunction. Each domain is scored from zero to three (zero = no
problems and three = severe problems). The overall PSQI score ranges from 0 to 21 points,
with scores ≥ 5 indicating poorer sleep quality [14].

2.2.4. Short-Form-36 Health Survey

The SF-36 Health Survey questionnaire, a generic scale that provides a health status
profile, was used to assess quality of life. The SF-36 comprises 36 questions which explore
eight dimensions of health status (physical function, role limitations due to physical health,
bodily pain, general health, vitality, social functioning, emotional role, and mental health),
as well as two general subscales covering the physical and mental health domains [15].

2.3. Blood Collection and Processing

Blood samples were collected via venipuncture after a 12 h overnight fasting for im-
mediate routine lab tests by an experienced research nurse at the ME/CFS outpatient clinic
(Vall d’Hebron University Hospital, Barcelona, Spain). Blood samples were delivered to
the local core laboratory at the hospital within 2 h of collection and analyzed consecutively.
Standard HUVH (Vall d’Hebron University Hospital Core Lab, Barcelona, Spain) laboratory
protocols were used for the collection, transport and processing, and routine blood tests
following standard operating procedures (SOPs).

2.4. Blood Analytics

Baseline laboratory tests were used primarily to exclude primary ME/CFS symptoms
of other fatigue-related conditions. These fasting blood tests comprised full blood count,
erythrocyte sedimentation rate (ESR), platelets, blood biochemistry parameters, creatinine,
fasting glucose, urea, uric acid, bilirubin, electrolyte test (sodium, potassium, calcium),
liver function tests (AST, ALT, ALP, GGT), lipid profile (cholesterol, triglycerides, LDL,
HDL), thyroid function tests, vitamin D, immunoglobulin (IgA, IgM, IgG, and their iso-
types), complement proteins (C1 inhibitor, C1q, C3, C4), and anti-phospholipid antibodies
(cardiolipin, beta-2-glycoprotein I). Complement levels were measured by nephelometry
using a BN II System (Siemens Healthcare Headquarters, Erlangen, Germany). Normal
range reference levels provided by the Vall d’Hebron University Hospital, Barcelona, Spain
for each studied variable are shown in Supplementary Table S1.

2.5. Cluster Analysis

Hierarchical cluster analysis was initially conducted using Ward’s method [16] to
identify the number of clusters chosen on the basis of interpretability and usefulness. A
k-means cluster analysis was then carried out to assign participants to clusters. Welch’s
ANOVA was used on variables of interest to analyze differences among clusters, followed
by pairwise comparisons between clusters when the univariate analyses were significant
(p < 0.05).
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2.6. Statistical Analysis and Plotting

Continuous data are shown as means ± SD (standard deviation). Statistical differences
were determined using two-tailed unpaired Welch t-tests. Normal distribution was assessed
by the Shapiro–Wilk normality test. Categorical variables are presented as n (%), normally
distributed variables are presented as mean ± SD, and non-normally distributed variables
are presented as median (interquartile range). Differences between groups were considered
significant at p ≤ 0.05. Variable correlations were evaluated by the simple linear regression
method (least-squares approach). Statistical analyses were conducted with R 3.6.3 [17], and
figures were produced using the package ggplot2 [18].

3. Results

3.1. Demographics and Clinical Characteristics of the Participants

This prospective observational study included 250 adult females diagnosed with
ME/CFS by 1994 CDC/Fukuda and 2003 CCC [5,6], the analysis of 69 laboratory blood
tests, demographic variables, and four validated self-reported questionnaires to assess
disease severity and comorbidities [12–15]. In addition, cardiac variables and medication
prescriptions were also recorded (Supplementary Table S1). Table 1 shows descriptive
parameters of the study participants. The average age of participants was 45.9 ± 7.02 years,
11.6% (29/250) presented obesity (BMI ≥ 30), fitting with the 13% assessed for the general
population [19], average heart rate was 78.5 ± 10.3 bpm, and systolic and diastolic blood
pressure were 125.8 ± 2.5 and 76.3 ± 1.6, respectively, among participants. The overall
FIS-40 score range reflected the presence of participants with different degrees of fatigue
severity. The vast majority of participants had a severe fatigue score (98.8%) while only
1.2% had mild/moderate fatigue, as assessed by the FIS-40 questionnaire provided to the
study participants. In addition, over 50% of subjects were taking at least more than one
medication as usual/routine care treatment (Table 1).

Table 1. Demographics and clinical characteristics of participants at baseline. Data are expressed
as the mean ± standard deviation (SD) for continuous variables and compared by Student t-test,
whereas categorical variables are given as numbers with percentages (%) and compared by Fisher’s
exact test.

Variables ME/CFS (n = 250)

Age, years 45.9 ± 7.02
BMI, kg/m2 † 24.5 ± 4.72
SBP, mmHg 125.8 ± 2.5

DBP (mmHg) 76.3 ± 1.6
Medication, n (%)

NSAIDs 9 (42.9)
Hypnotics 5 (23.8)

Antidepressants 6 (28.6)
Antipsychotics 4 (19.0)

Opioids 11 (52.4)
Measures

FIS-40
Global score (0–160)

Physical 35.4 ± 2.4
Cognitive 34.0 ± 3.4

Psychosocial 63.9 ± 2.4
COMPASS-31

Global score (0–100) 53.6 ± 3.5
Orthostatic intolerance 24.3 ± 2.1

Vasomotor 1.4 ± 2.7
Secretomotor 9.3 ± 3.4

Gastrointestinal 11.6 ± 2.9
Bladder 3.5 ± 4.1

Pupillomotor 3.7 ± 3.4
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Table 1. Cont.

Variables ME/CFS (n = 250)

PSQI
Global score (0–21) 14.0 ± 0.7

Subjective sleep quality 1.9 ± 0.1
Sleep latency 2.2 ± 0.1

Sleep duration 1.5 ± 0.1
Habitual sleep efficiency 1.9 ± 0.2

Sleep disturbances 2.4 ± 0.1
Sleeping medication 1.9 ± 0.2
Daytime dysfunction 2.2 ± 0.1

SF-36
Physical functioning 26.9 ± 0.6

Physical role 3.7 ± 0.81
Bodily pain 16.2 ± 1.55

General health perception 21.3 ± 2.18
Vitality 17.0 ± 1.58

Social role functioning 28.2 ± 1.87
Emotional role functioning 30.5 ± 2.78

Mental health 41.4 ± 3.12
Abbreviations: BMI, body mass index; DPB, diastolic blood pressure; SBP, systolic blood pressure; FIS-40, 40-item
Fatigue Impact Scale; COMPASS-31, 31-item Composite Autonomic Symptom Score; PSQI, Pittsburgh Sleep
Quality Index; SF-36, 36-item Short-Form Health Survey; NSAIDs, nonsteroidal anti-inflammatory drugs. † The
body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters.

3.2. Exploratory Case Cluster Analysis Based on Symptoms

After applying unbiased hierarchical clustering and optimal grouping based on k-
means screenings to identify case clusters, as detailed in Section 2, a set of three clusters
showing significant differences in their total FIS-40, total COMPASS-31, total PSQI, physical
functioning, and bodily pain scores was obtained (Table 2). Plotting of the itemized
standard score differences clearly illustrated the inverse distribution between scales of
total FIS-40, total COMPASS-31, and total PSQI that attribute higher scores to more severe
symptoms and SF-36 subscales that do the opposite. As a result, our cohort of 250 cases
was subdivided into cluster 1, including cases showing more severe symptoms in all five
selected parameters (n = 94), cluster 2 with cases presenting moderate affection (n = 107),
and a smaller group of only 49 individuals with milder symptoms (cluster 3) (Figure 1).
This shows that the cohort studied mostly contained severe to moderate cases, with <20%
of mildly affected cases. The definition of severe in cluster 1 involve total FIS scores over
145 on average, scores over 65 for total COMPASS-31, scores over 15 on average for PSQI,
and the lowest scores for physical functioning and bodily pain, which may translate into a
more severe fatigue phenotype, accompanied by dysautonomia and sleep problems while
experiencing higher levels of pain and compromised physical functioning than the other
two clusters (Table 2, Figure 1).

Table 2. Clustering of ME/CFS cases according to symptom differences, as supported by k-means
analysis. Data are presented as the mean ± SD for each item. Physical functioning and bodily pain
were evaluated by two items of the 36-item Short-Form Health Survey (SF-36).

Cluster 1 Cluster 2 Cluster 3 p-Value

Total FIS 147.93 (9.88) 131.79 (13.48) 108.1 (21.83) <0.0001
Total COMPASS 66.82 (10.52) 50.9 (10.77) 34.26 (12.71) <0.0001

Total PSQI 15.82 (3.4) 14.75 (2.94) 8.33 (2.78) <0.0001
Physical functioning 12.82 (8.82) 31.27 (12.75) 44.39 (16.79) <0.0001

Bodily pain 6.3 (7.77) 17.95 (11.79) 31.45 (11.83) <0.0001
Size 94 107 49

Standard deviation values are shown in parentheses.
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Figure 1. Graphic representation of ME/CFS clustering according to symptom standard mean scores.

3.3. Cluster-Based Differential Analysis of Blood Parameters

Next, we assessed potential differences in the blood analytical variables of these three
clusters of cases (clusters 1, 2 and 3, as defined above) using univariate analyses (see
Section 2 for details). The analyses intended to detect blood parameters within normal
reference range values presented significant differences across case groups (clusters) and
may, therefore, be associated with case symptoms. The statistical analysis detected five
blood parameters fulfilling the requirements, with p-values < 0.05 (Table 3).

Table 3. Blood analytic differences between symptom-based case clusters. Data are presented as
mean ± (SD) for each biochemical variable.

Cluster 1 Cluster 2 Cluster 3 p-Value

Hb (g/dL) 13.16 (1.05) 13.57 (0.94) 13.07 (1.12) 0.0033
NT (×109/L) 3.99 (1.65) 3.58 (1.63) 3.3 (1.48) 0.0365
COL (mg/dL) 229.57 (36.69) 216.6 (37.42) 211.84 (33.73) 0.0077
HDL (mg/dL) 64.71 (14.44) 59.71 (12.48) 63.12 (12.65) 0.0292

C3 (mg/dL) 132.32 (24.65) 132.02 (29.96) 119.89 (28.09) 0.0246
Abbreviations: Hb, hemoglobin; NT, neutrophil counts; COL, cholesterol; HDL, high-density lipoprotein; C3
complement factor 3.

However, when looking at statistical differences between individual pair sets, we
found that none of these five parameters could individually differentiate clusters 1, 2, and
3. For hemoglobin (Hb) levels, only the moderate group (cluster 2) differentiated from
the other two, an observation with unclear physiologic interpretation. For neutrophil
counts (NT), differences were found between severe (cluster 1) and mild (cluster 3) cases,
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but none were detected for the moderate group. For cholesterol levels (COL), severe
cases (cluster 1) presented differences with moderate and mild (clusters 2 and 3), with no
differences between the latter two, whereas high-density lipoproteins (HDL) differences
appeared between clusters 1 and 2, but not with cluster 3. Lastly, the levels of complement
factor 3 (C3) presented differences between the severe and mild clusters, as well as between
the mild and the moderate, but no differences were detected between the severe and the
moderate clusters, indicating potential value as a marker to differentiate mild cases from
the rest (Figure 2).

 
Figure 2. Blood analytic difference boxplots between ME/CFS symptom-based clusters. Abbreviations: Hb, hemoglobin;
NT, neutrophil counts; COL, cholesterol; HDL, high-density lipoprotein; C3, complement 3. The significance level was set at
* p < 0.05. Data beyond 1.5 inter-quartile range values, representing potential outliers, are plotted as individual dots.

In conclusion, symptom-based case clustering followed by differential blood analytics
was inefficient for detecting robust single blood variables correlated with case health
severity, as defined in these three clusters. It is, however, interesting that some of these
blood parameters could, to some extent, differentiate between clusters, the significance of
which is not understood at present.

3.4. Stratified Analysis

As an additional attempt to detect patient subgroups that could help refine current
diagnosis methods, we evaluated sets of cases presenting abnormal blood parameter values
for stratification purposes.
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3.4.1. Outstanding Blood Parameters with Abnormal Values

Top analytic variable values deviating from established healthy population reference
ranges were vit D (60.4%) mostly represented by deficiency, LDL (55.6%), complement
factor C1q (42.8%), and cholesterol (26.4%), all showing increased values overall. Platelet
mean volume values appeared both increased and decreased (Table 4 and Supplementary
Figure S1).

Table 4. Top blood analytic variables showing abnormal values with respect to reference values in
our cohort (n = 250). The number of cases with abnormal values with respect to reference values and
percentages (%) are shown.

Variables n (%)

25(OH).Vit.D3 151 (60.4)
LDL 140 (56)
C1q 107 (42.8)

25(OH).Vit.D3, LDL 81 (32.4)
25(OH).Vit.D3, C1q 72 (28.8)

COL 66 (26.4)
C1q, LDL 60 (24)
COL, LDL 58 (23.2)

PMV 56 (22.4)
Abbreviations: 25(OH) Vit.D3, vitamin D; LDL, low-density lipoprotein; C1q, complement factor C1q; COL,
cholesterol; PMV, platelet mean volume.

Combinations of these five blood analytical variables which included at least 20% of
the cases in our cohort showed that vitamin D and LDL were both abnormal in 32.4% of
the participants. Other combinations, such as vitamin D deficiency and increment of C1q,
or increased LDL with C1q or cholesterol involved over 20% of the participants (>50 cases).
Since vitamin D reference values are widely influenced by genetic and environmental
factors, and the assays to quantitate its levels typically show variability over ±10% [20,21],
leading to a lack of consensus global reference values [22,23], we decided to exclude this
variable from our stratified downstream analysis.

Similarly, since differences found in LDL and cholesterol are nonspecifically associated
with disease, sometimes appearing together with vitamin D deficiency [22,23], they were
not further pursued, meaning that they were not used to set stratification conditions of our
cohort. The unexpected finding of a quite significant proportion of ME/CFS cases showing
increased levels of C1q and decreased C1 inhibitor (42.8% and 8.8%, respectively) (Supple-
mentary Table S1), together with the C1q deficiency being associated with autoimmune
diseases such as systemic lupus erythematosus [24], motivated our interest to hypothesize
C1q as a potential biomarker for ME/CFS subtyping.

3.4.2. Symptom Differences across C1q Case Clusters

Downstream analysis after a conservative 5% cutoff above C1q maximum normal
value stratification (samples with C1q > 26.05 mg/dL, cluster 1, with n = 90; samples with
C1q < 26.05 mg/dL, cluster 2, with n = 160), however, showed no significant differences
in any symptom score, with the only exception of a tendency for bodily pain (p = 0.09),
suggesting perhaps increased pain in the group with high C1q levels (mean values were
14.24 vs. 17.33, respectively) (Table 5).
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Table 5. Symptom differences between case clusters with increased C1q values (cluster1)
(>26.05 mg/dL) or within range (C1q < 26.05 mg/dL). Group mean values and standard devia-
tions are shown.

Cluster 1 Cluster 2 p-Value

Total FIS 132.6 (22.83) 133.56 (18.81) 0.7358
Total COMPASS 54.96 (16.84) 52.88 (15.94) 0.3401

Total PSQI 14.29 (4.06) 13.67 (4.21) 0.2544
Physical functioning 27.5 (18.36) 26.57 (16.56) 0.6907

Bodily pain 14.24 (13.63) 17.32 (13.95) 0.0906
Size 90 160

3.4.3. Blood analytic Differences across C1q Case Clusters

To evaluate whether the group of cases presenting increased C1q levels (cluster 1,
n = 90) could, at the same time, present with additional blood parameter differences, even
when being within normal reference values for the group showing normal C1q values
(cluster 2, n = 160), we applied a statistic test after cohort stratification, as detailed in
Section 2. The results showed significant differences in seven blood parameters (p < 0.05),
as shown in Table 6.

Table 6. Blood analytic differences between C1q case clusters. Group means and standard deviations
are shown.

Cluster 1 Cluster 2 p-Value

RBC (×1012/L) 4.62 (0.32) 4.53 (0.38) 0.0431
PT (g/dL) 7.24 (0.39) 7.1 (0.42) 0.0093
IgG3/IgG 6.29 (3.64) 8.91 (13.47) 0.0219
IgG4/IgG 2.75 (1.7) 3.32 (2.56) 0.0343

C1inh (mg/dL) 25.56 (5.28) 27.56 (5.58) 0.0055
C3 (mg/dL) 137.44 (27.47) 125.43 (27.48) 0.0011
C4 (mg/dL) 30.73 (8.57) 27.7 (7.72) 0.006

Abbreviations: RBC, red blood cell; PT, total protein; IgG, immunoglobulin; C1inh complement 1 inhibitor; C,
complement factor. Standard deviation values are shown between brackets.

Overall, the cluster with increased C1q levels presented with higher red blood cell
counts, as well as total protein, C3, and C4 levels, and lower IgG3, IgG4, and C1inh
concentrations, indicating pathways potentially connected with elevated C1q levels and,
thus, potentially relevant for clinical treatment of an important subset of ME/CFS cases.

4. Discussion

As earlier mentioned, the use of standard blood tests to at least support a potential
case of ME/CFS (“triage” diagnosis method) and/or differentiate case subgroups for
therapeutic and research purposes would provide clear advantages. In fact, it may well
constitute the key toward unveiling ME/CFS subgroup etiology and evolution.

Although clustering methods based on case symptoms have been useful in identifying
autonomic phenotypes in CFS [25], they failed at detecting robust blood correlations
between symptoms and individual blood parameters in our cohort (Figure 2). The approach
did, however, show potential for differentiating cases with severe, moderate, or mild
affection as defined by the five symptom scores used for clustering (Tables 2 and 3). The
physiological significance of the findings, including the increased levels of C3 in severe and
moderate with respect to mildly affected cases or the increased neutrophil count in severe
ME/CFS by itself or in combination with LDL and cholesterol, as well as their involvement
in symptom development or maintenance, remains to be elucidated.

Nevertheless, the presence of a large proportion of ME/CFS (42.8% or 107/250) cases
with increased expression of C1q, for the first time, may importantly set the basis for future
ME/CFS subtyping.
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C1q acts as the first component in the classical complement pathway. The comple-
ment system is a central part of innate immunity with two important functions: serving
as a defense system against invading pathogens and for the clearing of dead cells or de-
bris [26,27]. C1q recognizes PAMPs (pathogen-associated molecular patterns), including
LPS (lipopolysaccharide) and bacterial porins [28], in addition to recognizing molecules
such as phosphatidylserine and dsDNA exposed on the surface of dying cells [29,30].

Thus, the detected increased levels of C1q and other complement components in a
subgroup of ME/CFS cases may indicate a state of active efferocytosis toward fighting
a subjacent infection or while clearing damaged tissue. Moreover, cases with chronic
activation of the complement pathway may, for this reason, become particularly sensitive
to PEM [4–7], a possibility that may be worth exploring.

It is well documented that, both inefficient and overstimulation of the complement
system can be detrimental for the host, being associated with increased susceptibility to
infections, autoimmunity, chronic inflammation, and thrombotic microangiopathy, among
others [24,26,27,31]. Some of these processes have been associated with ME/CFS [32,33].
We, however, only found a few cases of positive self-antigen immunity across the 10-test
run applied to the 250 participating cases (Supplementary Table S1).

The observation that, among the many blood parameters measured, those known to be
related to C1q function, i.e., C1 inhibitors C3 and C4 showed significant differences between
groups (Table 6) further supports a functional problem of the complement system in this
subgroup of cases, perhaps with consequences in the process of coagulation. A prospective
follow-up of coagulopathies in this subgroup of patients, thus, appears pertinent.

More recently, Benavente et al. showed that C1q acts as a ligand that can directly bind
a series of receptors previously unidentified as partners of this molecule, including the
following proteins: CD44, GPR62, BAI1, c-MET, and ADCY5, which trigger activation of
downstream signaling pathways [34,35] and, thus, affect different aspects of neuroepithelial
stem-cell biology. The finding by these authors that C1q is elevated upon nerve injury [34]
and the emerging connections of C1q with neurodegenerative disease [36,37] open up
the exciting possibility that increased levels of C1q may underlie ME/CFS cognitive
problems [4–7]. C1q alters prion disease progression, regulates neuron pruning, and
modulates the process of phagocytosis by microglia while responding to amyloid plaque
formation [38–40]. Unfortunately, no specific instruments for detailed cognitive assessment
of the participants or neuroimaging tools were used in this study.

Lastly, the fact that the two strata presenting normal vs. increased levels of C1q showed
differences in pain may indicate a direct involvement of C1q in case symptoms. It may
be relevant to include a more detailed assessment of this symptom by using pain-focused
questionnaires, such as the FIQ (Fibromyalgia Impact Questionnaire) and/or others [41–43],
in future studies of C1q’s role in ME/CFS. Although the failure of questionnaires other
than the SF-36 to detect symptom-related differences with C1q levels (Table 5) lead to us
presuming no major involvement of C1q in this aspect of the disease, it seems curious that
the plotting of the two clusters showed opposite trends in all five symptoms selected by the
k-means screening method to set symptom-based clusters of the cohort (Figures 1 and 3).

Moreover, within the 94 cases in the “severe” group (cluster 1) of our symptom-based
cluster analysis (Table 2), about 39% (37/94) presented increased C1q levels while 61%
(57/94) showed normal levels; within the 107 cases of the “moderate” group (cluster 2),
35% (37/107) had increased C1q and 65% (70/107) normal C1q levels; within the 49 cases
of the “mild” group (cluster 3), 33% (16/49) showed increased C1q levels and 67% (33/49)
had C1q levels within normal reference values. This indicates a rough 1:2 overall ratio of
cases with increased C1q levels in the “mild” group, with a slight increase in this ratio
in the “moderate” and an even higher ratio (1:1.5) in the “severe” cluster, suggesting an
increased prevalence of high C1q levels with case disease severity, despite the lack of
significant correlations between individual symptom scores and C1q levels. A correlation
of C1q levels with the chronicity status of cases could not be established either.
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Figure 3. Graphic representation of ME/CFS symptom standard score differences in relation to C1q stratification.

Additional blood parameters that showed abnormal values in a large proportion of
individuals in our cohort, such as vitamin D deficiency, LDL levels, cholesterol, C3 levels,
or platelet mean value, may provide relevant information for treatment options, an aspect
not well understood at present, which requires further monitoring in the future.

It should be mentioned that, although different reference values have been established
for vitamin D deficiency, for example, the recommendations from the 2011 US Institute of
Medicine (IOM) reported a minimal concentration of 52 nmol/L, while the US Endocrine
Society guidelines stated a minimal concentration of 78 nmol/L [44,45], the applied range
in this study was right below the lowest range (50 nmol/L, Supplementary Table S1), and
yet a large proportion of cases (>60%) showed vitamin D deficiency (Table 4).

Additional Limitations

Although the cohort under study included a considerable number of subjects (n = 250),
the external validity of the data remains limited to females. Random selection of partic-
ipants can lead to more representative results population wise; however, subject hetero-
geneity translates into enhanced variability, compromising the establishment of robust
differences, perhaps relevant to the diagnosis of ME/CFS. The lack of additional relevant
differences across ME/CFS cases cannot be ruled out by the laborious, yet discrete analysis
here performed.

5. Conclusions

In conclusion, this study identified a potential new player in the ME/CFS pathology,
the C1q component of the complement system, affecting over 40% of cases. This finding
paves the way for exploring a C1q-based standard lab assay to detect ME/CFS subtypes
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with relevant clinical and research implications. The understanding of the underlying
pathomechanisms behind this finding is limited at present, granting further exploration of
the observation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10184171/s1, Figure S1: Box plots of top blood analytic variables showing off-normal
reference values in our cohort (n = 250). Red lines indicate normal range values. Black line within the
box is the median within quartile values. Normal values are shown in green while abnormal values
are shown in red. Table S1: Cohort dataset.
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Abstract: Background: The functional deficits in people with fibromyalgia can be related to the
level of physical activity performed. This study investigated the effectiveness of an active exercise
programme versus exercise for well-being improving pain, flexibility, static balance, perceived
exertion and quality of life of women with fibromyalgia; Methods: A randomised, single-blind,
controlled trial was conducted. A total of 141 of women diagnosed with fibromyalgia were enrolled
and randomised to an active exercise program group (n = 47), where they performed physical active
exercises, an exercise for well-being group (n = 47), which performed the Qi Gong exercises named
‘the twenty Wang Ziping figures for health and longevity’, and a control group (n = 47), which did
not receive any intervention, for a period of 4 weeks. Measures were taken at baseline and after
the treatment. The primary outcome measures were static balance and centre of gravity (Wii-Fit
Nintendo ©), flexibility (test de Wells and Dillon), pain (Visual Analogue Scale) and quality of life
(Spanish-Fibromyalgia Impact Questionnaire). The secondary outcome measure was the perceived
exertion during activity (BORG Scale). Results: In total, 93 participants completed the study. The
mean value of the age was 52.24 ± 6.19. The post intervention results showed statistically significant
improvements in the exercise for well-being and the active exercise programme groups vs. the control
group in relation to pain (p = 0.006 active exercise programme group, p = 0.001 exercise for well-being
group), static balance (p < 0.001 active exercise programme group) and quality of life (p < 0.001 active
exercise programme group, p = 0.002 exercise for well-being group). In addition, the mean scores
related to perceived fatigue during the sessions were 6.30 ± 1.88 for the active exercise programme
group and 5.52 ± 1.55 for the exercise for well-being group. These differences were not significant.
Conclusions: The active exercise program and exercise for well-being improved flexibility, static
balance, pain and quality of life of women with fibromyalgia. The participants of the active exercise
programme achieved better results that those of the exercise for well-being.

Keywords: fibromyalgia; exercise for well-being; active exercise program; flexibility; static balance;
pain; quality of life

1. Introduction

The main clinical manifestation of Fibromyalgia is diffuse and widespread pain in com-
bination with the presence of multiple tender points [1]. In addition to pain, these patients
have sensory symptoms, such as paraesthesia, motor symptoms, such as muscle stiffness,
contractures and tremors, and vegetative symptoms, such as tingling sensations [2].

Different authors have suggested that these symptoms can affect the functional capac-
ity of these patients [3,4]. This is based on the association between symptoms, flexibility
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and balance impairments [3,4]. Moreover, balance impairment is a very frequent sign in
persons with fibromyalgia and it is considered one of the 10 most disabling symptoms,
with a prevalence between 45% and 68% [5]. In addition, it has been shown that these
impairments often appear in persons with the same conditions, such as chronic fatigue
syndrome, especially the loss of static and dynamic balance [6], which can lead to im-
paired mobility [7]. Vestibular function may be impaired in patients with chronic fatigue
syndrome who also have fibromyalgia but not in those with chronic fatigue syndrome
alone [8].

A study conducted by Jones et al. [5] showed how persons with fibromyalgia had
significant inferior scores on different balance aspects and had six times more falls when
compared with healthy subjects. Balance impairments and functional capacity are closely
related [9] and have a significant impact in the quality of life of people with fibromyalgia [2].

These abilities are diminished or altered in patients with fibromyalgia compared to
healthy subjects [10–14]. This can lead to limited or difficult mobility, which can increase
the risk of falls [15,16], and consequently, it can have a negative impact on the quality of
life of these patients [2].

According to the scientific evidence, these functional deficits in people with fibromyal-
gia are related to the level of physical activity performed [9]. Several systematic reviews
analyse the efficacy of physical exercise programmes, either alone or in combination with
other forms of physical or cognitive intervention [17–19]. All of them conclude that physical
exercise improves the quality of life of these patients. In this regard, a literature review on
the benefits of exercise in fibromyalgia published in 2019 [20] concluded that exercise also
improves physical function and fatigue. However, further studies and research are needed
to analyse this further [20].

Complementary and alternative therapies are currently being used as a non-pharmacological
intervention for the management of fibromyalgia [21]. The World Health Organisation
defines exercise for well-being (Qi Gong) as: “A component of traditional Chinese medicine
that combines movement, meditation and breathing regulation to improve the flow of vital
energy in the body (Qi), to improve circulation and immune function” [22].

The available literature supports that exercise for well-being improves pain manage-
ment [23,24] and physical function [24] in patients with fibromyalgia. In addition, some
clinical trials have shown that this treatment technique also improves balance and prevents
falls [25]. Qi Gong is an aerobic exercise, which involves mental concentration, breathing
that accompanies the movement, static postures and dynamic movements which combine
stretching and activation of the muscle chains through isometric and isotonic contractions.
It also includes self-massage movements and flexibility, strength, proprioception, coordina-
tion and balance work [26–28]. Qi Gong also corrects the posture of the spine and the pelvis
and prevents stagnation of the energy in the joints [29]. On this basis, scientific research
suggests that low-intensity aerobic exercise and meditative movement therapies, such as
Qi Gong, are recommended for the treatment of fibromyalgia patients, as they improve
their symptoms and quality of life [30–32].

However, the research conducted on this topic is scarce and the existing studies
agree that further research on the effects of these alternative therapies in patients with
fibromyalgia is needed. In the literature consulted, no studies that analyse these variables
and compare both treatments, physical exercise or an active exercise programme and
exercise for well-being, have been found.

Based on all this, the aim of this study was to evaluate the effectiveness of an active
exercise programme and exercise for well-being exercise programme improving pain,
flexibility, static balance and quality of life in patients with fibromyalgia, comparing both
treatment approaches between them and with a control group.

2. Materials and Methods

This was a single-blind randomised clinical controlled trial. The CONSORT statements
were used to conduct and report the trial. Ethical approval was granted by the Bioethical
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Commission of the University of Extremadura in Spain (Reference number: 11/2012). The
trial was retrospectively registered with the ClinicalTrials.gov registry (Study Identifier:
NCT04328142). All the participants signed a written informed consent prior to their
participation in the study.

The target population was women diagnosed with fibromyalgia from the Fibromyalgia
Associations from Badajoz and Olivenza in Extremadura (Spain). The recruitment period
took place from March to October 2012.

The inclusion criteria were: women between 30 and 65 years old, diagnosed with
fibromyalgia [1] by a specialised physician at least one year before the study began. Poten-
tial participants were excluded if they had been prescribed with active exercise treatment
previous to the study, they did regular physical exercise or aerobic training, they had previ-
ous knowledge of exercise for well-being or they had mobility impairments or absence of
any limb.

An independent researcher who was unrelated to any aspect of the trial was responsi-
ble for the randomisation. A total of 141 participants were randomly allocated to an active
exercise programme experimental group, an exercise for well-being experimental group
or a control group (Figure 1). A total of 141 sealed envelopes containing the group names
were put in an opaque bag. The independent researcher kept the bag closed during the
randomisation process. The participant was in charge of opening the bag and the envelope
during this process. After the first assessment, the researcher informed the participants
to which group they were allocated to. The allocation of each participant was concealed
at all times until assignment. No one directly involved in the study had access to the
randomisation process or the list.

The study was conducted over six weeks: four weeks of treatment and two weeks of
measurements. All participants were requested to attend two measurement sessions: the
baseline assessment and the post intervention assessment. The University of Extremadura
laboratories were the location where all measurement sessions took place. The assessor
was blinded to the group allocation. He was independent to the study and was not aware
of the treatments applied. Neither the participants nor their therapists were blind to the
group assignment. Due to the nature of the treatment, they could clearly see to which
group the participant was allocated.

The following variables were measured through a data collection protocol: sociode-
mographic data: age, education, working status and marital status.

Outcome measures: The primary outcome measures were static balance, flexibility,
pain and quality of life. The secondary outcome measure was the perceived exertion during
activity. The measurement tools used were as described below.

Balance test: A plantar pressure platform with optical sensors (Wii-Fit Nintendo ©)
was used to assess balance. The patients, standing on the platform and with their feet on
the specified marks, had to maintain a standing posture while their centre of gravity was
being recorded. The displacements to the left and right were assessed as deviations in
percentages. Subsequently, stabilometry was carried out by means of the one-leg stand test
with a duration of 30 s. The value in percentage (0–100%) of their stability was obtaining
with this test. The higher the value achieved, the better the balance.

Wells and Dillon Test or Sit and Reach Test: This test assesses the trunk flexion flexibil-
ity [33]. It has a relative intra-examiner reliability (0.89–0.99) and moderate validity that
oscillates between r = 0.37–0.77 for men and r = 0.37–0.85 for women [34]. This test is per-
formed with the aid of a measuring box which has on its front the numerical measurement
values that correspond to a metre.

The patient is placed in a sitting position on the measuring box with feet together
at a right angle. In this position, the patient is asked to make a maximum flexion of the
trunk, with the knees extended and the upper limbs in full extension, using the palms of
the hands and pushing a ruler until they have reached the maximum possible distance. The
distance achieved by pushing with the fingers is measured in centimetres. As the patient
moves away from zero, the centimetres achieved are noted with a positive sign. If, on the
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other hand, the person does not reach the tip of the toes, the remaining centimetres to zero
are marked with a negative sign. The higher the positive value, the better the results. We
quantified the improvement as the greater number of centimetres achieved.

Figure 1. Flow diagram of study participation.
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Visual Analogue Scale (VAS) of pain: This scale is a valid and reliable measure for
the assessment of pain. It has proved its validity with high correlations with other pain
measures (r = 0.62 to 0.91) and its reliability with a good test-retest (r = 0.94 to 0.71) [35].
Participants were asked to rate their worst pain intensity during the last week using
a 100-mm VAS, with 0 denoting “no pain” and 100 denoting “extreme and unbearable
pain” [36].

Quality of life: The impact of the condition on the patient’s quality of life was assessed
with the Spanish Fibromyalgia Impact Questionnaire (S-FIQ) [37]. This is the Spanish
adaptation of the Fibromyalgia Impact Questionnaire [38]. The S-FIQ has a reliability
coefficient of 0.81. The maximum score is 100 and the higher the result obtained, the higher
the impact of the condition on the person.

Borg Scale of Perceived Exertion: This scale is a very useful tool to measure the
perceived effort made in an activity. The Borg Scale of Perceived Exertion has an acceptable
validity and reliability. Correlation coefficients between scale scores and heart rate, as well
as test and post-test, are greater than 0.70 [39]. It consists of 10 numerical levels of dyspnoea
ranging from 0 to 10 points: 0, rest; 1, very mild; 2, mild; 3, moderate; 4, somewhat hard;
5 and 6, hard; 7, 8 and 9, very hard; 10, maximum [40].

The sample was allocated to three groups: the experimental active exercise programme
group, which completed an active physical exercise treatment programme, the experimental
exercise for well-being group, which received exercise for well-being treatment, and the
control group, which did not receive any treatment. Each group had 47 participants.

The study was conducted over 6 weeks: 4 weeks of treatment and 2 weeks of assess-
ments. The measurements were done at baseline, the week before the beginning of the
treatments and post intervention, the week after the treatments were completed.

The participants that were allocated to the active exercise programme group completed
an active exercise programme, which was guided by a qualified physiotherapist, who is a
member of the Spanish Chartered Society of Physiotherapists and is trained in exercise for
fibromyalgia. The exercise programme aimed to work on all the musculoskeletal system.
Therefore, it included a warm up of 3 to 5 min of walking, active mobilisation exercises
of the shoulders, spine and hips, static balance exercises and stretches. The shoulder, hip
and cervical spine exercises were performed in a standing posture. The thoracic spine and
lumbar spine were done on an exercise mat. All exercises were performed in coordination
with controlled gentle breathing. Each mobilisation exercise was done at maximum range
of movement, was maintained for 10 s and repeated six times with eyes open and closed.
All movements were done slowly and pain and fatigue were avoided.

The exercise for well-being was guided by an exercise for well-being teacher with
20 years of experience and qualified by the International Institute of Exercise for Well-Being
(funded by Yes Requena). The exercises performed during the sessions were the ‘twenty
Wang Ziping figures for health and longevity’. These exercises are based on centennial
therapeutic exercises from Daoyin, Wiqinxi, Yijinjing and Baduanjin, which are transmitted
orally from master to disciple. The figures combine mental concentration and abdominal
breathing during the performance of balance, flexibility and coordinated body movements.
Each figure was repeated six times.

The active exercise program sessions as well as the exercise for well-being sessions
lasted for 45 min and were done twice a week. The control group did not receive any
intervention. All participants continued with their routine medical complying with the
beneficence and non-maleficence principles of bioethics. More detailed information on the
exercise programmes can be found in Figures S1–S3.

Statistical Analysis

The sample size did not respond to a previous calculation since as many subjects as
possible were recruited. Finally, approximately 30 participants could be randomly assigned
to each experimental group. As a reference, with this sample size and for a significance
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level of 5%, a minimum power of 80% could be achieved if we aimed to detect an effect
size of 0.5 by a t-paired test.

The sociodemographic characteristics of the patients were analysed and described.
The baseline values of the main outcome measures were also described by groups. A one-
way ANOVA was applied to verify the homogeneity of the three experimental groups. For
each main outcome, a comparison of the evolution by group was carried out by a repeated
measures model, considering the group (control group, active exercise group and exercise
for well-being group) as an inter-group factor and pre-post outcomes as an intra-group
factor. We focused on interaction results so that, when it was not significant, the com-
parison between groups was analysed. When it was significant, the Tukey HSD post hoc
comparison for the full model was applied and significant results were highlighted (taking
into account that, since it involves 15 different contrasts, it is a conservative procedure that
tends to provide no significant results with samples of moderate size). Additionally, the
size effect for interaction (partial η2) was reported.

The correlations between the age and each of the main outcome measures were anal-
ysed and the correlation test was applied. Student’s independent samples test was applied
to conduct other contrasts with just two means involved. The analysis was performed with
SPSS version 22 and jamovi 1.8.4.

3. Results

A total of 93 participants completed the study. The active exercise programme group
had 33 participants, the exercise for well-being group had 31 and the control group had 29.
During the intervention and the follow-up period, there were a total of 48 withdrawals.
The corresponding data were excluded from the statistical analysis. A CONSORT flow
diagram is given in Figure 1.

The mean value of age was 52.24 ± 6.19. The youngest woman in the study was 34
and the eldest was 65. As expected, age showed a significant correlation with the baseline
scores in flexibility, as this outcome measure worsened with age. Nevertheless, we hardly
found significant correlations between age and changes along the treatment (except for
flexibility, which got better with age). The rest of the sociodemographic variables are
described in Table 1.

Table 1. Socio-demographic characteristics of the sample.

Outcomes N

Working status

Housewife 41
Unemployed 10

Employed 23
Incapacitated 18

Retired 1

Marital status

Married 81
Lives with her partner 2

Single 2
Separated 2
Divorced 3
Widow 3

Education level

With no studies 11
Primary Education 40

Secondary Education 23
Bachelor’s Degree 19

Smoking habits
No 25
Yes 68

Baseline and post-intervention outcome measurements divided by intervention groups
are summarised in Table 2. According to the results of the one-way ANOVA, there were
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no significant differences between groups for flexibility, centre of gravity, S-FIQ, VAS and
one-leg stance test (p = 0.379, p = 0.669, p = 0.667, p = 0.237, p = 0.103, respectively). A
repeated measures model was applied, and the p-value corresponding to the interaction
between the inter-group factor and the intra-group factor is shown in Table 2. The pre-post
intervention evolution for each outcome is illustrated in Figures 2–6.

Table 2. Baseline and results of the post-intervention outcome measures.

Baseline
Outcomes

Mean ±SD
p-Value *

CG (N = 29) AEG (N = 33) EWG (N = 31)

Flexibility Pre −6.24 ± 11.01 −9.24 ± 9.37 −6.10 ± 9.96
0.193Post −3.14 ± 9.08 −2.94 ±10.51 −2.03 ± 10.80

Centre of gravity Pre 54.07 ± 3.58 53.39 ± 2.99 53.94 ± 2.93
0.184Post 53.10 ± 2.64 54.30 ± 5.78 52.74 ± 2.66

S-FIQ
Pre 68.86 ± 13.34 67.21 ± 16.51 65.35 ± 14.95

0.002Post 69.45 ± 4.02 57.79 ± 17.95 57.71 ± 15.79

VAS
Pre 7.34 ± 1.61 7.88 ± 1.58 7.16 ± 2.02

0.020Post 7.31 ±1.93 6.79 ± 1.43 6.16 ± 2.56

One-leg stance test Pre 55.55 ± 21.35 45.82 ± 27.02 57.26 ± 19.20
0.002Post 55.38 ± 23.14 68.27 ± 18.08 62.81 ± 18.56

Note: CG: Control group; AEG: Active exercise Group; EWG: Exercise for well-being group; S-FIQ: Spanish Fibromyalgia Impact
Questionnaire; VAS: Visual analogue scale, pre: before intervention, post: after intervention. * p-value corresponding to interaction contrast,
according to a repeated measures model. A significant result means that change pre–post depends on the treatment.

Figure 2. Changes in Flexibility.
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Figure 3. Changes in the centre of gravity.

Figure 4. Changes in the Spanish Fibromyalgia Impact Questionnaire.
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Figure 5. Changes in pain.

Figure 6. Changes in the one-leg stance test.
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We observed a tendency to experience a slight or strong improvement in many out-
comes, even for the control group. In other words, the patients seemed to perform sponta-
neously better at the second measurement. This could be explained by the training effect
of the interventions. However, after applying a repeated measures model, no significant
interactions between group and evolution for flexibility (p = 0.193) nor for centre of grav-
ity (p = 0.184) were found. Moreover, the difference between groups was not significant
(p = 0.632, p = 0.745, respectively).

However, we found a significant interaction for the S-FIQ (p = 0.002, η2 = 0.129), the
VAS (p = 0.020, η2 = 0.084) and the one-leg stance test (p = 0.002, η2 = 0.132). These results
can be observed in Figures 4–6. In a deeper analysis performed with the Tukey HSD post
hoc comparison, we could observe an evident improvement of the S-FIQ from baseline
for the active exercise group (p < 0.001) and the exercise for well-being group (p = 0.004).
Differences in post treatment measurements between these groups and the control group
were close to significant (p = 0.057, p = 0.061, respectively). In the same way, the post
hoc comparison showed significant improvement in the VAS for the active exercise group
(p = 0.002) and the exercise for well-being group (p = 0.006). However, the differences
in post intervention measurement in relation to the control group were not significant
(p = 0.911, p = 0.245) according to the post-hoc comparison. Finally, according to the results
of the Tukey method, there was a strong improvement in the one-leg stance test for the
active exercise programme group (p < 0.001) and also a significant improvement for the
exercise for well-being group (p = 0.025). The difference in the post-intervention measure
in relation to the active exercise programme group were no significant (p = 0.123, p = 0.702).

When comparing the active exercise programme with the exercise for well-being, we
observed (Table 2) a better performance of the first group, at least in descriptive terms.
Nevertheless, we did not find any significant differences between both groups. It would
be interesting to assess if the other observed differences would become significant with
bigger samples.

Lastly, in the subjective assessment of fatigue experienced during the sessions, the
mean for the active exercise programme group was 6.30 ± 1.88 and 5.52 ± 1.55 for the
exercise for well-being group. These differences were not significant.

4. Discussion

The results of this study indicate that the active exercise programme and the exercise
for well-being improve static balance, flexibility and pain in women with fibromyalgia
compared to the control group. The most significant improvements were found in the active
exercise programme group. In order to facilitate the discussion, this section is structured
by the outcome measures analysed in the study.

4.1. Balance

The exercise for well-being group showed improvements in the final static balance
scores (one leg stance test). However, these changes were not significant. In contrast, the
active exercise programme group obtained significant improvements in static balance. We
suspect that this improvement was due to the type of balance exercise performed. The
women in the active exercise programme group did static balance exercises, maintaining
equilibrium for 10 s. The active exercise programme group repeated the exercise slowly
with eyes open and closed while the exercise for well-being exercises were performed with
eyes open only.

With respect to the posturograph used (Wii-Fit, Nintendo ©), the results of the medical
evidence have supported its use. In relation to its validity, several investigations can be
highlighted. Holmes et al. [41] and Meldrum et al. [42] assessed balance in patients with
neurological disease using the Wii-Fit (Nintendo ©). They concluded that the platform
is a valid tool for the quantification of the postural stability, it is easy to use [41] and has
no adverse effects when it is used to assess balance impairment [42]. Additionally, in
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agreement with Huurnink et al. [43], their results showed that it is a sufficiently accurate
platform to quantify the centre of pressure trajectories in single-leg balance exercises.

Although there are few studies on active exercise programmes and balance in patients
with fibromyalgia, the available literature has shown how physical therapy can improve
balance in patients with this condition. The research conducted by Espí et al. [44] in
2016 analysed the effect of therapeutic aerobic exercise in women with fibromyalgia and
concluded that exercise improves general discomfort. In addition, the authors observed
that the effectiveness was greater when the exercise was combined with music therapy,
which led to further improvements in quality of life and balance. Moreover, Kibar et al. [45]
carried out an active exercise programme based on flexibility exercises to improve balance
in these patients and observed a beneficial effect on static balance and functional levels. A
study published in 2020 [46] analysed the effects of a 5-week core stability active exercise
programme. The results showed that this exercise modality improved dynamic balance
and postural control in women with fibromyalgia.

Based on the results of the present study and with those obtained by the mentioned
authors, we consider that the active exercise interventions can improve balance in women
with fibromyalgia.

As for exercise for well-being therapy, Roger et al. [25] specified that few studies ap-
plied this treatment approach and assessed its effects on balance of women with fibromyal-
gia. The authors observed that this treatment approach generally improved balance, but its
potential to decrease falls had to be clarified.

However, there is evidence of the use of other exercise modalities for the improvement
of balance, such as yoga or tai chi. Ulger et al. [47], in 2011, showed that yoga has a positive
effect on women with balance and gait disorders due to musculoskeletal problems. In
addition, Wong et al. [48] carried out a study in 2018, and showed how a 12-week tai chi
intervention was effective in improving balance, fatigue, strength and flexibility in women
with fibromyalgia.

As for the variable centre of gravity, we obtained non-significant results using the one
leg stance test (Wii-Fit, Nintendo ©) after applying the experimental treatments. In the
literature, we have not found any research assessing the changes of the centre of gravity
in women with fibromyalgia nor studies that compared active exercise programmes or
exercises for well-being. Only one study that analysed this variable and compared an
active exercise programme with acupuncture and a control group was found [46]. The
results coincide with ours, as the centre of gravity did not experience statistically significant
improvements after both treatments. The authors concluded that neither the centre of
gravity position nor the one-leg stance test were influenced by the intervention received in
any of the groups.

4.2. Flexibility

The results of the Sit and Reach test showed a significant improvement in the flexibility
of the participants of both experimental groups, the active exercise programme and the
exercise for well-being groups. However, the improvements were more marked in the
active exercise programme group. Our findings coincide with other research, such as that
of Valencia et al. [49], who analysed the short- and medium-term effect of an active exercise
programme on pain perception and muscle flexibility. Valencia et al. [49] showed how
20 women with fibromyalgia improved their level of flexibility and general well-being after
an intervention based on kinesio-therapy and stretching exercises. The treatments were
applied twice a week for 12 weeks and the outcome measurement were completed pre and
post intervention and at 24 weeks of follow-up after the end of the treatments.

In the study conducted by Jones et al. [50], the objective was to assess the efficacy
of a muscle strengthening programme compared to a stretching programme. A total of
68 women with fibromyalgia completed two weekly treatment sessions over 12 weeks. The
authors found that flexibility improved with the stretching programme.
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In addition, Ayan et al. [51] evaluated the long- and short-term effects of a multimodal
programme (one hour every week for 3 months) combining muscular endurance and
flexibility exercises with breathing and relaxation techniques plus a half-hour active exercise
session. The sample consisted of 21 women with fibromyalgia that were assessed at
baseline, post treatment and at 6 months of follow-up after the end of treatment. The
authors demonstrated how flexibility exercises with breathing and relaxation techniques,
in addition to active exercises, improved flexibility and reduced the impact of the disease.
We consider it important to highlight that the duration of the treatment was longer in the
studies conducted by Valencia et al. [49], Jones et al. [50] and Ayan et al. [51] than in our
study, although the results related to flexibility coincide.

4.3. Perceived Exertion

No statistically significant changes were found in relation to the perceived exertion
measured with the Borg scale or the subjective feeling of tiredness during the sessions.
We were not able to conclude which experimental group (exercise for well-being or active
exercise programme) had a significant lower level of perceived exertion. However, we
found that the mean score for the exercise for well-being group was lower, 5.52 ± 1.55,
(and therefore, better), than for the active exercise programme group.

The lower score obtained in the exercise for well-being group could be due to the fact
that this therapy is carried out by the participants slowly, in a relaxed manner and with
greater concentration. According to the bibliography consulted, there is no conclusive
data in relation to the Borg scale in studies that carry out active exercise programmes and
exercise for well-being treatments. There is scarce scientific evidence with a methodology
similar to the one developed in our study. The study conducted by Nielens et al. [52] is
one of them. The authors assessed the cardiorespiratory capacity and the perceived effort
when performing a fitness programme, comparing 30 women with fibromyalgia syndrome
and 67 healthy women. Nielens et al. [52] concluded that perceived exertion is greater in
patients with fibromyalgia than in healthy patients. These results confirm that women with
fibromyalgia have a higher perceived exertion than healthy patients.

4.4. Pain and Quality of Life

We believe that all the improvements in terms of flexibility and balance must have
influenced the pain and improvement in the quality of life perceived by the patients,
as the final pain scores obtained in both the active exercise programme group and the
exercise for well-being group were lower. In this respect, we coincide with the studies
carried out by Castro-Sánchez et al. [53], Kesiktas et al. [54] and Matsutani et al. [55]. All
of them showed how stretching is effective for pain relief in patients with fibromyalgia.
Moreover, Busch et al. [17] concluded that short-term aerobic exercise in fibromyalgia
patients improves pain, global sense of well-being and physical function. Other studies
confirmed that low-intensity, individualised physical exercise improves function and
reduces symptoms of fibromyalgia [18]. In addition, Hooten et al. [56] demonstrated that,
in two groups of 36 fibromyalgia patients, 3 weeks of aerobic exercise and strengthening
exercise had similar effects on pain relief.

A study that was carried out by Yang et al. a [57] showed how a 4-week exercise
for well-being programme (a treatment period that coincides with our study) helped to
improve chronic pain and mood disorders.

Chen et al. [58] showed how exercise for well-being treatment can be very effective
in treating pain and associated symptoms in fibromyalgia patients. Ten women who
completed 5 to 7 exercise for well-being sessions of 40 min duration for more than 3 weeks
were evaluated at baseline, post treatment and at 3 months of follow-up after the end of
treatment. However, the methodological quality is questionable as the sample size was
very small and had no control group.

In any future research, we would recommend that active exercise and exercise for
well-being were combined to assess whether better improvements could be achieved. We
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would suggest increasing the duration of the treatment and including a follow-up period.
It would also be interesting to carry out studies in which different types of exercise for
well-being, such as tai chi or yoga, are practised. This would allow us to ascertain their
effects on the variables studied in this population. On the other hand, it would be advisable
in future studies to take into account variables such as body mass index and to monitor
the presence of menopause. Research has shown that age [59] and body mass index [60]
can influence musculoskeletal symptoms. In this regard, the prevalence of musculoskeletal
disorders increases with age and appears to be associated with menopause [61]. On the
other hand, a higher body mass index may be associated with greater pain and disease
severity in patients with musculoskeletal disorders associated to fibromyalgia. It would
also be interesting to provide a correlation with the pressure pain thresholds according to
the American College of Rheumatology criteria.

4.5. Limitations of the Study

One limitation was the difficulty of learning each of the exercises to be performed. In
the case of the exercise for well-being group, as this exercise is still quite unknown in our
environment, it was necessary to explain the three essential aspects of its practice. These
include the control of the position of the body and breathing as well as the regulation of
the mind. Additionally, each exercise needed to be repeated during the learning process,
and sometimes, it was necessary to rest during the practice of the exercises. Therefore, we
consider that the four weeks of duration of the experimental treatment may be insufficient
to obtain all the expected benefits, and perhaps a previous learning period would have
been necessary.

However, if the treatment period was lengthened, the non-compliance with the pro-
gramme could increase. Our research group has conducted a previous a study, with the
same fibromyalgia associations, which studied the effects of the moderate consumption
of red wine in these patients [62]. Out of 80 participants, there were 33 losses due to
non-compliance (20 in the control group and 23 in the experimental group) in a 4-week
intervention. Likewise, in the literature, we found studies carried out with this popula-
tion [63,64] which had patient participation and follow-up dropout rates similar to the
data provided in our research. The losses are generally due to the fluctuation of symptoms
and the effects of different factors that can affect the condition [65]. Therefore, the longer
the treatment period is, the higher the possibility that a participant stops the treatment
or does not attend the measurement sessions. However, in this study, we have a final
sample number of 93 women diagnosed with fibromyalgia, which is higher than the studies
cited above.

5. Conclusions

The results of the present study indicate that active exercise and exercise for well-being
improve pain, flexibility, static balance and quality of life in women with fibromyalgia.
However, the active exercise programme achieved better results than the exercise for well-
being. No statistically significant differences were found between groups in relation to the
perceived feeling of tiredness during the sessions.
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47. Ulger, O.; Yağlı, N.V. Effects of Yoga on balance and gait properties in women with musculoskeletal problems: A pilot study.
Complement. Ther. Clin. Pract. 2011, 17, 13–15. [CrossRef]

48. Wong, A.; Figueroa, A.; Sanchez, M.A.; Mok, W.; Chernykh, O.; Young, S. Effectiveness of Tai Chi on Cardiac Autonomic Function
and Symptomatology in Women With Fibromyalgia: A Randomized Controlled Trial. J. Aging Phys. Act. 2018, 26, 214–221.
[CrossRef] [PubMed]

49. Valencia, M.; Alonso, B.; Alvarez, M.J.; Barrientos, M.J.; Ayán, C.; Martín, V. Effects of 2 physiotherapy programs on pain
perception, muscular flexibility, and illness impact in women with fibromyalgia: A pilot study. J. Manip. Physiol. Ther. 2009, 32,
84–92. [CrossRef] [PubMed]

53



J. Clin. Med. 2021, 10, 3826

50. Jones, K.D.; Burckhardt, C.S.; Clark, S.R.; Bennett, R.M.; Potempa, K.M. A randomized controlled trial of muscle strengthening
versus flexibility training in fibromyalgia. J. Rheumatol. 2002, 29, 1041–1048. [PubMed]

51. Ayan, C.; Alvarez, M.J.; Alonso, B.; Barrientos, M.J.; Valencia, M.; Martín, V. Health education home-based program in females
with fibromyalgia: A pilot study. J. Back Musculoskelet. Rehabil. 2009, 22, 99–105. [CrossRef] [PubMed]

52. Nielens, H.; Boisset, V.; Masquelier, E. Fitness and perceived exertion in patients with fibromyalgia syndrome. Clin. J. Pain 2000,
16, 209–213. [CrossRef]

53. Castro, A.M.; Matarán, G.A.; Arroyo, M.; Saavedra, M.; Fernández, C.; Moreno, C. Effects of myofascial release techniques on
pain, physical function, and postural stability in patients with fibromyalgia: A randomized controlled trial. Clin. Rehabil. 2011, 25,
800–813. [CrossRef]

54. Kesiktas, N.; Karagülle, Z.; Erdogan, N.; Yazicioglu, K.; Yilmaz, H.; Paker, N. The efficacy of balneotherapy and physical
modalities on the pulmonary system of patients with fibromialgia. J. Back Musculoskelet. Rehabil. 2011, 24, 57–65. [CrossRef]

55. Matsutani, L.A.; Marques, A.P.; Ferreira, E.A.; Assumpção, A.; Lage, L.V.; Casarotto, R.A.; Pereira, C.A.D.B. Effectiveness of
muscle stretching exercises with and without laser therapy at tender points for patients with fibromyalgia. Clin. Exp. Rheumatol.
2007, 25, 410–415. [PubMed]

56. Hooten, W.M.; Qu, W.; Townsend, C.O.; Judd, J.W. Effects of strength vs aerobic exercise on pain severity in adults with
fibromyalgia: A randomized equivalence trial. Pain 2012, 153, 915–923. [CrossRef]

57. Yang, K.H.; Kim, Y.H.; Lee, M.S. Efficacy of Qi-therapy (external Qigong) for elderly people with chronic pain. Int. J. Neurosci.
2005, 115, 949–963. [CrossRef] [PubMed]

58. Chen, K.W.; Hassett, A.L.; Hou, F.; Staller, J.; Lichtbroun, A.S. A pilot study of external qigong therapy for patients with
fibromyalgia. J. Altern. Complement. Med. 2006, 12, 851–856. [CrossRef] [PubMed]

59. Chaparro, M.; Diaz, V.; Gonzalez, J. Fibromialgia y osteoporosis. Rev. Osteoporos. Metab. Miner. 2011, 3, 113–118.
60. Aparicio, A.; Ortega, F.; Herediaa, J.; Carbonell, A.; Delgado, M. Analysis of the body composition of Spanish women with

fibromyalgia. Reumatol. Clin. 2011, 7, 7–12. [CrossRef]
61. Neyro, J.L.; Franco, R.; Rodriguez, E.; Carrero, A.; Palacios, S. Fibromialgia y climaterio: ¿Asociación o coincidencia?

Ginecol. Obstet. Mex. 2011, 79, 572–578.
62. Vicente, T.P.J. Estudio Sobre Los Efectos Del Consumo Moderado de Vino Tinto en Mujeres Diagnosticadas de Fibromialgia

(Study on the Effects of Moderate Consumption of Red Wine in Women Diagnosed with Fibromialgia). Ph.D. Thesis, University
of Extremadura, Badajoz, Spain, 2009.

63. Bosch, E.; Sáenz, N.; Valls, M.; Viñolas, S. Estudio de la calidad de vida en pacientes con fibromialgia: Impacto de un programa
de educación sanitaria. Aten Primaria 2002, 30, 16–21. [CrossRef]

64. Gelmana, S.M.; Lerab, S.; Caballero, F.; López, M.J. Tratamiento multidisciplinario de la fibromialgia. Estudio piloto prospectivo
controlado. Rev. Esp. Reumatol. 2002, 29, 323–329.

65. Bennett, R.M. Clinical manifestations and diagnosis of fibromyalgia. Rheum. Dis. Clin. N. Am. 2009, 35, 215–232. [CrossRef]
[PubMed]

54



Journal of

Clinical Medicine

Article

Autoantibodies to Vasoregulative G-Protein-Coupled Receptors
Correlate with Symptom Severity, Autonomic Dysfunction and
Disability in Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome

Helma Freitag 1,*,†, Marvin Szklarski 1,†, Sebastian Lorenz 1, Franziska Sotzny 1, Sandra Bauer 1,

Aurélie Philippe 2, Claudia Kedor 1, Patricia Grabowski 1, Tanja Lange 3, Gabriela Riemekasten 3,

Harald Heidecke 4 and Carmen Scheibenbogen 1,5

Citation: Freitag, H.; Szklarski, M.;

Lorenz, S.; Sotzny, F.; Bauer, S.;

Philippe, A.; Kedor, C.; Grabowski, P.;

Lange, T.; Riemekasten, G.; et al.

Autoantibodies to Vasoregulative

G-Protein-Coupled Receptors

Correlate with Symptom Severity,

Autonomic Dysfunction and

Disability in Myalgic

Encephalomyelitis/Chronic Fatigue

Syndrome. J. Clin. Med. 2021, 10, 3675.

https://doi.org/10.3390/

jcm10163675

Academic Editors: Giovanni Ricevuti

and Lorenzo Lorusso

Received: 9 July 2021

Accepted: 16 August 2021

Published: 19 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Medical Immunology, Charité—Universitätsmedizin Berlin, 13353 Berlin, Germany;
marvin.szklarski@charite.de (M.S.); sebastian.lorenz@charite.de (S.L.); franziska.sotzny@charite.de (F.S.);
sandra.bauer@charite.de (S.B.); claudia.kedor@charite.de (C.K.); patricia.grabowski@charite.de (P.G.);
carmen.scheibenbogen@charite.de (C.S.)

2 Department of Nephrology and Critical Care Medicine, Charité—Universitätsmedizin Berlin,
13353 Berlin, Germany; aurelie.philippe@charite.de

3 Department of Rheumatology and Clinical Immunology, University of Lübeck, 23538 Lübeck, Germany;
tanja.lange@uksh.de (T.L.); Gabriela.Riemekasten@uksh.de (G.R.)

4 CellTrend GmbH, 14943 Luckenwalde, Germany; heidecke@celltrend.de
5 Berlin Institute of Health Center for Regenerative Therapies (BCRT), Charité—Universitätsmedizin Berlin,

10117 Berlin, Germany
* Correspondence: helma.freitag@charite.de
† These authors share first authorship.

Abstract: Background: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is an
acquired complex disease with patients suffering from the cardinal symptoms of fatigue, post-
exertional malaise (PEM), cognitive impairment, pain and autonomous dysfunction. ME/CFS is
triggered by an infection in the majority of patients. Initial evidence for a potential role of natural
regulatory autoantibodies (AAB) to beta-adrenergic (AdR) and muscarinic acetylcholine receptors (M-
AChR) in ME/CFS patients comes from a few studies. Methods: Here, we analyzed the correlations
of symptom severity with levels of AAB to vasoregulative AdR, AChR and Endothelin-1 type A
and B (ETA/B) and Angiotensin II type 1 (AT1) receptor in a Berlin cohort of ME/CFS patients
(n = 116) by ELISA. The severity of disease, symptoms and autonomic dysfunction were assessed by
questionnaires. Results: We found levels of most AABs significantly correlated with key symptoms
of fatigue and muscle pain in patients with infection-triggered onset. The severity of cognitive
impairment correlated with AT1-R- and ETA-R-AAB and severity of gastrointestinal symptoms with
alpha1/2-AdR-AAB. In contrast, the patients with non-infection-triggered ME/CFS showed fewer
and other correlations. Conclusion: Correlations of specific AAB against G-protein-coupled receptors
(GPCR) with symptoms provide evidence for a role of these AAB or respective receptor pathways in
disease pathomechanism.

Keywords: adrenergic receptors; autoantibodies; myalgic encephalomyelitis; chronic fatigue syn-
drome; autoimmunity; vasoregulation; G-protein-coupled receptor

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is an acquired
complex disease with cardinal symptoms of fatigue, post-exertional malaise (PEM), cog-
nitive dysfunction and pain [1]. The estimated prevalence is up to 0.86%, with peaks in
teenage years and middle age [2,3]. ME/CFS is triggered by an infection in the majority
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of patients [4]. Although the pathogenesis is still unknown, there is ample evidence of
immune and autonomic dysregulation [5].

There is increasing evidence that vascular dysfunction and hypoperfusion play an
important role in ME/CFS. A diminished oxygen supply in muscles upon exercise was
shown in several studies in ME/CFS patients [6,7]. In line with this, metabolic changes
in ME/CFS indicate hypoxia and ischemia [8]. Several studies showed a decrease in
cerebral blood flow upon orthostatic challenge [9,10]. Thus, hypoperfusion, which is
aggravated upon exertion, may cause mental and skeletal muscle fatigue that are hallmarks
of ME/CFS [11].

For the regulation of blood flow, G-protein-coupled receptors (GPCR) for vasoactive
hormones, such as catecholamines, acetylcholine, angiotensin II and endothelin 1, play an
important role [12]. Regulatory autoantibodies (AAB) targeting GPCR are involved in the
pathogenesis of many diseases. Anti-GPCR AAB bind to their corresponding receptors,
which can result in both agonistic and antagonistic effects [13]. Among the first AAB to
GPCR described were those to beta1 adrenergic receptor (AdR) in dilated cardiomyopathy
and to angiotensin II type 1 receptor (AT1-R), mediating vasoconstriction as risk factors for
renal transplant rejection [14,15]. AAB against GPCR has been found in many rheumatic
diseases as well [16]. These AAB belong to a regulatory network, which is dysregulated in
many diseases [17].

There is evidence that AdR and muscarinic acetylcholine receptors (M-AChR)-AAB
play a role in ME/CFS, too. Tanaka et al. were the first to describe elevated M-AChR-AAB in
ME/CFS and their association with muscle weakness and neurocognitive impairment [18].
In a previous study, we found elevated AAB against beta2-AdR as well as M3/M4-AChR
in a subgroup of ME/CFS patients [19]. Bynke et al. were able to verify these findings
detecting elevated AAB against beta1/2-AdR and M3/M4-AChR in serum but not in
cerebrospinal fluid of ME/CFS patients [20]. Beta1/2-AdR-AAB levels in blood correlated
with structural alterations in the brain related to pain modulation [21]. Recently, we found
agonistic beta2-AdR-AAB in healthy controls and in ME/CFS patients, stimulating the
beta2-AdR on immune cells and reporter cell lines. Importantly, this agonistic function was
attenuated in ME/CFS [22]. When performing immunoadsorption to remove AAB from
circulation, we observed short-term clinical improvement in most patients [23,24]. For
ME/CFS patients receiving rituximab, we documented a sustained decline of pretreatment
elevated beta2-AdR-AAB levels in clinical responders to rituximab treatment [19].

The aim of this study was to investigate correlations between levels of AAB binding to
vasoregulative GPCR and the severity of clinical symptoms in ME/CFS. As AAB responses
are frequently activated by infections, we distinguished between patients with and without
infection triggered ME/CFS onset. In a recent study, we found an increased prevalence of
the autoimmune associated single-nucleotide variants in CTLA4 and PTPN22 in ME/CFS
patients with infectious disease onset only [25]. Catecholamines binding to alpha1/2-AdR
on vascular smooth muscle cells cause vasoconstriction, while they mediate vasodilation
via beta2-AdR. Angiotensin II binding to AT1-R and endothelin-1 to endothelin-1 type
A and B receptor (ETA/B-R) both activate important vasoconstrictive pathways. These
ligands are increased by physical exertion [12]. Protease-activated receptors (PAR) play a
role in vasoregulation during inflammation. Activation of PAR-1 by thrombin was shown to
induce vascular constriction [26,27]. PAR-2 activated by trypsin can mediate inflammatory
cell adhesion to the endothelium [28]. Acetylcholine can mediate vasodilatation via M3-
AChR dependent release of nitric oxide [29]. M4-AChR expression was described in the
brain microvascular system [30]. We expected that if vasoregulative AAB levels play a
role in the pathomechanism of ME/CFS, they should correlate with the severity of key
symptoms and disability.
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2. Materials and Methods

2.1. Patients

A total of 116 patients were diagnosed at the outpatient clinic for immunodeficiencies
at the Institute for Medical Immunology at the Charité Universitätsmedizin Berlin between
October 2016 and May 2017. Diagnosis of ME/CFS in all patients was based on the 2003
Canadian Consensus Criteria and exclusion of other medical or neurological diseases that
may cause fatigue by a comprehensive clinical and laboratory evaluation [1]. All patients
received a cardiopulmonary workup prior to referral. In case of suspected rheumatic,
gastrointestinal or neurological disease, patients were referred to specialists before the
diagnosis ME/CFS was given. The study was approved by the Ethics Committee of
Charité Universitätsmedizin Berlin (EA4/090/10) in accordance with the 1964 Declaration
of Helsinki and its later amendments. All patients gave informed consent.

2.2. Determination of Autoantibody Levels and Laboratory Blood Data

CellTrend GmbH, Luckenwalde, Germany, analyzed serum levels of AAB against
alpha1-, alpha2-, beta1-, beta2-, beta3-AdR, M3- and M4-AChR; AT1-R, ETA-R and ETB-R;
PAR1/2. Whole blood samples from each subject were allowed to clot at room temperature
and then centrifuged at 2000× g for 15 min in a refrigerated centrifuge. The serum was
purified and stored at −35 ◦C. The AAB were measured in serum samples using a sandwich
ELISA kit (CellTrend GmbH, Luckenwalde, Germany). The microtiter 96-well polystyrene
plates were coated with full-length receptor proteins. To maintain the conformational
epitopes of the receptor, 1 mM calcium chloride was added to every buffer. Duplicate
samples of a 1:100 serum dilution were incubated at 4 ◦C for 2 h. After washing steps, plates
were incubated for 60 min with a 1:20,000 dilution of horseradish-peroxidase labelled goat
anti-human IgG used for detection. In order to obtain a standard curve, the plates were
incubated with test serum from a GPCR AAB-positive index patient. The ELISAs were
validated according to the FDA’s “Guidance for industry: Bioanalytical method validation”.
The concentration of serum IgG, IgA, IgM, IgE and IgG subclasses were determined at
Charité diagnostics laboratory Labor Berlin GmbH.

2.3. Questionnaires for Symptom Scoring

The presence and severity of symptoms in patients with ME/CFS were assessed based
on the 2003 Canadian Consensus Criteria [1,31]. Cardinal symptoms of fatigue, muscle pain,
immune symptoms (mean of the 3 symptoms painful lymph nodes, sore throat and flu-like
symptoms) and cognitive impairment (mean of the 3 symptoms memory disturbance,
concentration ability and mental tiredness) were scored between 1 (no symptoms) and
10 (most severe symptoms) by the patients. Symptoms of autonomic dysfunction were
assessed by the Composite Autonomic Symptom Score 31 (COMPASS 31) [32]. In addition,
disability was examined using the Bell score focusing on the level of restriction in daily
functioning [33] and fatigue using Chalder Fatigue Score [34]. Physical activities of daily
life were assessed via the Short Form Health Survey 36 (SF-36) [35].

2.4. Statistical Analysis

Statistical data analyses were performed using IBM SPSS Statistics 22.0 (New York, NY,
USA), GraphPad Prism 6.0 (San Diego, CA, USA) and R 4.0 (R Foundation for Statistical
Computing, Vienna, Austria, http://www.R-project.org, accessed on 9 July 2021). All data
were presented as median and interquartile range (IQR), mean and standard deviation
(SD) or frequency (n) and percentage where appropriate. Comparisons of quantitative
parameters between two groups were performed using the nonparametric Mann–Whitney
test. Categorical parameters were compared between subgroups applying the Pearson’s
χ2-test. Correlation analysis was performed using the nonparametric Spearman coefficient.
Due to multiple testing, Benjamini–Hochberg (BH) correction was applied, aiming to
control a false discovery rate of 5%. Adjusted p-values < 0.05 were considered to provide
evidence for a statistically significant result.
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3. Results

3.1. Cohort Characteristics

We analyzed a cohort of 116 ME/CFS patients for correlation of AAB levels with
symptom severity. Patient characteristics are shown in Table 1. The median age was
43 years (IQR: 31–50), and the previous median duration of disease at the time of analysis
was four years (IQR: 2–9). A total of 83 of the 116 patients (72%) were female, and 86 (74%)
reported an infection-triggered onset of disease. Patients with infection-triggered onset
were younger by a median difference of ten years (p = 0.005) and reported shorter disease
duration (p = 0.022). There were no differences in symptom severity, Bell disability scale,
SF-36 physical function and COMPASS 31-assessed autonomic dysfunction (Table 1) nor in
AAB levels (Table 2) between these groups.

Table 1. Clinical characteristics. Asterisks mark significant differences between groups (Mann–Whitney test, * p < 0.05,
** p < 0.01).

Whole Cohort
(n = 116, Median with IQR)

w/Infection-Triggered Onset
(n = 86, Median with IQR)

w/o Infection-Triggered Onset
(n = 30, Median with IQR)

Inf. vs.
Non-Inf.

Age 42.5a (31–50) 39a (31–47) 49a (40–54) p: 0.005 **

Disease duration 4a (2–9) 3a (1–8) 6.50a (2.00–14.25) p: 0.022 *

Sex (f/m) 83/33 (72%/28%) 64/22 (74%/26%) 19/11 (63%/37%) p: 0.247

Fatigue 8 (7–9) 8 (7–9) 8.50 (8–10) p: 0.113

Cognitive-score 7 (5.67–8.00) 7.21 (5.92–8.00) 6.84 (5.67–7.96) p: 0.351

Muscle pain 7 (5–8) 7 (5–8) 8 (6.00–8.38) p: 0.187

Immune-score 5.33 (4.00–6.67) 5.66 (4.17–7.00) 5.17 (3.67–5.96) p: 0.226

Bell-Score 30 (30–40) 30 (30–40) 30 (30–40) p: 0.560

Chalder-Fatigue Score 27 (25–30) 28 (25.88–30) 26 (24–30) p: 0.130

SF-36 Score
physical function 45 (20–55) 45 (18.75–61.25) 40 (30–50) p: 0.834

COMPASS 31
total score 45.70 (35.18–55.42) 45.47 (34.36–55.34) 46.37 (39.28–56.13) p: 0.687

COMPASS 31
orthostatic score 28 (20–32) 28 (20–32) 28 (20–32) p: 0.954

COMPASS 31
vasomotoric score 0 (0–3) 0 (0–3) 0 (0–3) p: 0.646

COMPASS 31
secretomotoric score 6.42 (3.75–8.56) 6.42 (2.14–8.56) 6.42 (4.28–8.56) p: 0.294

COMPASS 31
gastrointestinal score 8.90 (6.90–12.46) 8.90 (6.23–12.46) 8.90 (7.12–12.02) p: 0.932

COMPASS 31
bladder score 1.10 (0–2.20) 1.10 (0–2.20) 0 (0–2.20) p: 0.369

COMPASS 31
pupillomotoric score 2.40 (1.43–3.00) 2.40 (1.50–3.00) 2.40 (1.20–3.00) p: 0.772
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Table 2. AAB levels and AAB/IgG-ratios. Differences between groups analyzed using Mann–Whitney test.

Whole Cohort
(n = 116, Median with IQR)

w/Infection-
Triggered Onset

(n = 86, Median with IQR)

w/o Infection-
Triggered Onset

(n = 30, Median with IQR)

Inf. vs.
Non-Inf.

alpha1-AdR-AAB 8.71 U/l (7.24–11.65) 8.66 U/l (7.30–11.86) 8.83 U/l (6.85–10.02) p: 0.400
alpha2-AdR-AAB 7.36 U/l (6.06–9.11) 7.37 U/l (6.05–9.65) 7.34 U/l (6.07–8.97) p: 0.709
beta1-AdR-AAB 10.30 U/l (7.86–15.20) 9.88 U/l (7.61–16.20) 10.67 U/l (8.48–13.44) p: 0.902
beta2-AdR-AAB 6.74 U/l (4.76–11.26) 6.74 U/l (4.75–11.55) 6.59 U/l (4.67–10.37) p: 0.622
beta3-AdR-AAB 8.93 U/l (6.10–13.31) 9.45 U/l (6.29–13.68) 8.70 U/l (5.72–13.20) p: 0.824
M3-AChR-AAB 4.74 U/l (3.41–6.10) 4.77 U/l (3.44–7.01) 4.45 U/l (3.37–5.62) p: 0.293
M4-AChR-AAB 6.50 U/l (5.16–8.33) 6.50 U/l (5.20–9.11) 6.59 U/l (5.08–7.98) p: 0.660

AT1-R-AAB 11.28 U/l (8.52–16.38) 11.62 U/l (8.50–17.05) 10.49 U/l (8.68–16.13) p: 0.474
ETA-R-AAB 9.03 U/l (7.65–12.45) 8.98 U/l (7.60–12.79) 9.77 U/l (7.87–11.46) p: 0.774
ETB-R-AAB 13.05 U/l (10.00–19.67) 13.05 U/l (10.03–19.87) 13.06 U/l (9.71–17.48) p: 0.750
PAR1-AAB 4.52 U/l (3.14–5.96) 4.76 U/l (3.26–6.31) 3.49 U/l (3.07–4.91) p: 0.102
PAR2-AAB 12.80 U/l (9.33–21.48) 12.12 U/l (8.46–22.08) 14.63 U/l (10.68–18.50) p: 0.535

alpha1-AdR-AAB/IgG 0.90 U/g (0.78–1.20) 0.90 U/g (0.78–1.21) 0.90 U/g (0.77–1.13) p: 0.626
alpha2-AdR-AAB/IgG 0.75 U/g (0.64–0.98) 0.74 U/g (0.63–0.99) 0.78 U/g (0.65–0.98) p: 0.969

beta1-AR-AAB/IgG 1.06 U/g (0.82–1.54) 1.02 U/g (0.80–1.47) 1.14 U/g (0.86–1.57) p: 0.595
beta2-AdR-AAB/IgG 0.71 U/g (0.49–1.12) 0.70 U/g (0.49–1.11) 0.78 U/g (0.44–1.15) p: 0.897
beta3-AdR-AAB/IgG 0.88 U/g (0.66–1.31) 0.88 U/g (0.66–1.28) 0.89 U/g (0.67–1.49) p: 0.989
M3-AChR-AAB/IgG 0.48 U/g (0.37–0.64) 0.48 U/g (0.37–0.66) 0.46 U/g (0.33–0.62) p: 0.479
M4-AChR-AAB/IgG 0.69 U/g (0.51–0.87) 0.69 U/g (0.51–0.88) 0.68 U/g (0.52–0.88) p: 0.984

AT1-R-AAB/IgG 1.16 U/g (0.92–1.73) 1.19 U/g (0.93–1.77) 1.14 U/g (0.85–1.47) p: 0.414
ETA-R-AAB/IgG 0.95 U/g (0.77–1.29) 0.93 U/g (0.76–1.34) 1.03 U/g (0.81–1.18) p: 0.812
ETB-R-AAB/IgG 1.29 U/g (1.02–1.93) 1.31 U/g (1.02–2.00) 1.29 U/g (1.00–1.82) p: 0.707
PAR1-AAB/IgG 0.45 U/g (0.35–0.59) 0.45 U/g (0.36–0.66) 0.36 U/g (0.31–0.52) p: 0.067
PAR2-AAB/IgG 1.37 U/g (0.96–1.99) 1.36 U/g (0.92–1.98) 1.55 U/g (1.15–2.16) p: 0.398

total IgG 9.73 g/l (8.39–11.10) 9.79 g/l (8.41–11.09) 9.63 g/l (8.36–11.51) p: 0.969

3.2. Correlation of AAB with Total IgG and Age

As we already observed in a previous study [19], most of the AAB levels showed a
positive correlation with total IgG and IgG-subclasses, predominantly with IgG1 and IgG3
(Table S1). As the GPCR AAB belong to a regulatory network of AAB, their level may
depend on total IgG levels. Further, we observed an inverse correlation with age for some
AAB (Table S1), as well as between age and total IgG (whole cohort: r = −0.2526; p = 0.007,
n = 114). Therefore, we calculated AAB/IgG ratios to correct for the effect of age (Table 2
and Table S2).

3.3. Correlation of AAB with Clinical Symptom Scores

Levels of various AAB correlated with symptom severity (Table S3). Further, we
observed a positive correlation of alpha1/2-AdR, M4-AChR and ETA-R with disease
duration (Table S2). Minimizing the effect of age by using AAB/IgG ratios for correlation
analyses led, in general, to higher correlation estimates (r) and more correlations reached a
level of significance (Table S4). We analyzed patient cohorts according to the type of disease
onset. As 74% of patients reported an infectious onset, this group was much larger than
the non-infectious onset group. Correlations of symptom severity with AAB/IgG ratios
stratified according to disease onset are shown as Spearman’s correlation coefficient values
in Figure 1, and correlations of clinical symptoms with absolute AAB levels are shown in
Figure S1. The most correlations were found in patients with infection-triggered onset only,
while fewer and other correlations were found in those with non-infection-triggered onset
(Tables S3 and S4).
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Figure 1. Correlations between symptom severity and AAB/IgG ratios. Correlation analysis of AAB/IgG ratios with
the severity of (A) fatigue, muscle pain, cognitive and immune symptom scores, physical functioning (SF-36) and Bell
disability score and (B) with COMPASS 31 subdomains. Spearman correlation coefficients (r) are shown for patients with
infection-triggered onset (black bars) and patients without infection-triggered onset (grey bars). Significant correlations prior
to BH-correction are marked with asterisks (* p < 0.05, ** p < 0.01), correlations that remained significant after BH-correction
are indicated by black-and-white striped bars.

In patients with infection-triggered onset (n = 86), severity of fatigue correlated posi-
tively with most AAB/IgG ratios, including those against alpha1/2-AdR, beta1/2/3-AdR,
M3/4-AChR, AT1-R, ETA-R and ETB-R, but not PAR-1/2 (Figure 1A, black bars). Mus-
cle pain severity showed similar correlations to fatigue, except for beta3-AdR-AAB/IgG.
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The SF-36 physical function showed a correlation pattern similar to fatigue and muscle
pain with significant negative correlations (due to lower scores indicating more severe
impairment) with alpha2-AdR-, beta1/2-AdR- and M4-ACh-AAB/IgG. In contrast, the
severity of cognitive symptoms correlated positively with AT1-R- and ETA-R-AAB/IgG
only. The severity of the Bell disability score showed a similar negative correlation with
AT1-R- and ETA-R-, and with alpha1/2-AdR-AAB/IgG. For the immune score, only an
inverse correlation with PAR1 was found. The Chalder Fatigue Score did not correlate with
AAB/IgG (not shown). Scatter plots for significant correlations are shown in Figures S2–S5.

None of these significant correlations of fatigue and muscle pain were found in
patients without infection-triggered onset (Figure 1A, grey bars). Correlations between
most AAB/IgG and SF-36 physical function scores were even opposite to those of patients
with infection-triggered onset. However, the correlation estimates (r) between AT1-R-
AAB/IgG and cognitive symptoms and between AT1-R- and ETA-R-AAB/IgG and the
Bell score were similar to those of patients with infection-triggered onset. As this subgroup
was much smaller (n = 30), this may explain a lack of significance. Further, we found a
significant negative correlation of ETB-R-AAB/IgG and the Bell score in this group only.

Interesting correlation patterns were also found for AAB/IgG and the three domains
of orthostatic, gastrointestinal and pupillomotor function assessed by the COMPASS 31
questionnaire (Figure 1B). In patients with infection-triggered onset, the gastrointestinal
symptoms correlated positively with alpha1/2-AdR- and the pupillomotor symptoms
with alpha1-, beta2/3-AdR- and M4-AChR-AAB/IgG ratios. In contrast, the non-infection-
triggered onset group showed strong correlations of alpha1/2-AdR- and beta1/2/3-AdR-
AAB/IgG with orthostatic symptoms and an inverse correlation of PAR2-AAB/IgG with
secretomotor symptoms, which are absent in the other subgroup. We did not observe
any of these correlations with total IgG (not shown). Patients without infection-triggered
onset had a significantly longer disease duration prior to these analyses (Table 1). As we
observed higher alpha1/2-AdR, M4-AChR and ETA-R-AAB/IgG ratios to be associated
with longer disease duration (Table S2), this may have an impact on the correlations of
alpha1/2-AdR/IgG with orthostatic symptoms.

In patients with infection-triggered onset, most of the AAB/IgG ratio correlations with
fatigue, muscle pain and cognitive symptoms, as well as Bell score with ETA-R-AAB/IgG,
remained significant after BH-correction (Table 3 and Figure 1). In addition, the association
of pupillomotor symptoms with M4-AChR-AAB/IgG remained significant. After BH
correction, none of the correlations observed in patients without infection-triggered onset
remained significant.

Table 3. Significant clinical correlations with AAB/IgG ratios after BH-correction in patients with infection-triggered onset
(Spearman correlation coefficient and Benjamini–Hochberg corrected p-value; significant correlations marked with asterisks:
* p < 0.05, ** p < 0.01).

alpha1-AdR-
AAB/IgG

alpha2-AdR-
AAB/IgG

beta1-AdR-
AAB /IgG

M3-AChR-
AAB /IgG

M4-AChR-
AAB/IgG

AT1-R-
AAB/IgG

ETA-R-
AAB/IgG

Fatigue r: 0.383
p: 0.004 **

r: 0.363
p: 0.009 **

r: 0.331
p: 0.045 *

r: 0.234
p: 0.280

r: 0.349
p: 0.028 *

r: 0.317
p: 0.035 *

r: 0.328
p: 0.017 *

Muscle pain r: 0.482
p: <0.001 **

r: 0.471
p: <0.001 **

r: 0.310
p: 0.045 *

r: 0.386
p: 0.008 **

r: 0.319
p: 0.035 *

r: 0.427
p: 0.002 **

r: 0.429
p: 0.001 **

Cognitive score r: 0.152
p: 0.303

r: 0.144
p: 0.306

r: 0.209
p: 0.132

r: 0.095
p: 0.583

p: 0.084
p: 0.589

r: 0.290
p: 0.051

r: 0.371
p: 0.007 **

Bell Score r: −0.244
p: 0.099

r: −0.223
p: 0.105

r: −0.154
p: 0.270

r: −0.196
p: 0.280

r: −0160
p: 0.308

r: −0.250
p: 0.083

r: −0.273
p: 0.045 *

COMPASS 31
pupillomotoric

score

r: 0.268
p: 0.082

r: 0.212
p: 0.123

r: 0.215
p: 0.132

r: 0.166
p: 0.298

r: 0.294
p: 0.042 *

r: 0.084
p: 0.590

r: 0.039
p: 0.791
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4. Discussion

There is increasing evidence for a role of vascular dysfunction in ME/CFS that shows
associations with key symptoms [11]. In this study, we found several remarkable correla-
tions of vasoregulative AAB with clinical symptoms in ME/CFS. The dependence between
the measured biologic gradient of AAB and the severity of symptoms suggests a causal
pathomechanistic connection.

Due to a correlation of natural regulative AAB with total IgG [19] and dependence of
IgG levels on age [36], AAB/IgG ratios were used in our analyses in order to correct for
the influence of age. Using the AAB/IgG ratios instead of absolute AAB levels revealed
stronger and more correlations, and more p-values reached a level of significance.

In line with our hypothesis of a role of vasoactive AAB in ME/CFS, we found that
levels of alpha1/2- and beta1/2/3-AdR-, M3/4-AChR-, and AT1-R-, ETA/B-R-AAB/IgG
ratios all significantly correlate with the severity of fatigue and, with the exception of
beta3-AdR-AAB/IgG, with muscle pain. The same AAB alpha2-AdR-, beta1/2-AdR- and
M4-AChR- (but not AT1-R-, ETA/B-R-) correlated with SF-36 physical function. Tanaka
et al. already described the levels of M-AChR-AAB (without data on the M subtype) in
ME/CFS to be associated with muscle weakness [18]. Bynke et al. could not show an
association of AAB against beta1/2-AdR and M3/M4-AChR with various health-related
questionnaires, but their cohort was rather small, and key symptoms including fatigue,
muscle pain, cognitive and autonomous symptoms were not separately assessed [20]. We
found elevated AAB against beta2-AdR, as well as M3 and M4-AChR, in ME/CFS patients
in our previous study [19]. In this study, the severity of symptoms was not determined.
In patients with postural tachycardia syndrome (POTS), one study reported elevated
levels of AAB against alpha1-AdR and M4-AChR to correlate with symptom severity [37],
while another demonstrated elevated levels of AAB against beta1-AdR- and beta2-AdR to
correlate with symptom severity [38].

We observed a distinct pattern for cognitive impairment, which was associated
with ETA-R and AT1-R-AAB. Of interest, ETA/B-R-, AT1-R- and further alpha1/2-AdR
AAB/IgG correlated with the severity of Bell disability score, too, capturing exertion in-
duced symptoms and ability to work. ETA-R-, AT1-R- and alpha1/2-AdR all activate strong
vasoconstrictor pathways stimulated by physical exertion [12]. Enhanced levels of AT1-R-
AAB are a well-established risk factor for renal transplant rejection [14]. In hypertension,
elevated AT1-R-AAB and alpha1-AdR-AAB have been described suggesting an agonistic
effect on their receptors [39]. Furthermore, AT1-R-AAB were associated with vascular aging
and arterial stiffness [40,41]. The role of ETA-R-AAB was described in autoimmune-related
pulmonary arterial hypertension in both systemic lupus erythematosus and systemic scle-
rosis [42,43]. Our concept of higher ETA-R and AT1-R AAB/IgG to correlate with cognitive
impairment due to vasoconstriction is in line with the recent studies by van Campen et al.,
showing both cerebral hypoperfusion and a decline in cognitive function in ME/CFS upon
orthostatic stress [9,10].

Interesting correlation patterns were found for AAB/IgG ratios and gastrointestinal
and pupillomotor function in the infection-triggered onset group as well. The gastroin-
testinal symptoms correlated with alpha1/2-AdR-ABB/IgG. This finding is in line with
a study showing that colorectal motility is mediated by alpha1-AdR [44]. Pupillomotor
symptoms correlated with alpha1-AdR-, beta2/3-AdR- and M4-AChR-ABB/IgG. Upon BH
correction, the association of pupillomotor symptoms with M4-AChR-ABB/IgG remained
significant. M4-AChR expression was described in the brain microvascular system and
corneal endothelium [30,45].

Remarkably, we found no significant correlations of AAB/IgG against AdR, AChR and
AT1-R/ET-R with fatigue, muscle pain and of AdR- and AChR-ABB/IgG with SF-36 physi-
cal function in patients without an infection-triggered onset of disease. However, similar
estimates for correlations of AAB/IgG ratios to AT1-R/ETA-R and alpha1/2-AdR with cog-
nition and Bell Score were found, which were not significant, likely related to the three-fold
lower number of patients in this group. Only in patients with non-infectious disease onset
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significant correlations of symptoms of orthostatic intolerance with all AdR-AAB/IgG
were seen. Further, an inverse correlation of PAR2-AAB/IgG with secretomotor symptoms
was found. PAR2 activated by trypsin was shown to mediate salivary secretion [46].

GPCR AAB are different from classical autoantibodies that frequently activate, com-
plement and can mediate inflammation and destruction [47]. No cytotoxic effect or com-
plement activation of GPCR AAB has been reported so far. GPCR AAB specifically bind
to their corresponding receptors, which can have functional consequences. Both stimu-
lating agonistic and inhibiting antagonistic effects were described [13,15,48]. Considering
an agonistic function, several associations of AAB with symptoms that we found are
plausible. Elevated levels of agonistic AT1-R/ETA-R AAB could well explain the associ-
ation with more cognitive dysfunction due to their effect on vasoconstriction described
in several other diseases [49]. In a similar manner, enhanced PAR2 activity could explain
fewer secretomotor symptoms and enhanced alpha1-AdR activity more gastrointestinal
symptoms [44]. The inverse correlation of immune score with PAR1-AAB/IgG could be
explained by lower levels of PAR1-AAB, resulting in less vascular constriction [26,27]. The
associations of elevated levels of both alpha- and beta-AdR-AAB with more severe fatigue
and muscle pain in post-infectious ME/CFS could point to overactivity of vasoconstrictive
alpha-AdR-AAB or an impaired function of vasodilatative beta2-AdR-AAB. Previously, we
found an impaired agonistic beta2-AdR-AAB function in immune and reporter cell line
assays in ME/CFS patients with higher AAB levels [22]. AAB against beta1-AdR were
shown to impair both beta1-AdR- and beta3-AdR-mediated vasorelaxation in rats [50].
The AdR dysfunction may specifically play a role upon exertion with enhanced release of
epinephrine and norepinephrine, resulting in enhanced vasoconstriction and hypoperfu-
sion with consecutive fatigue and muscle pain. Autoimmune mechanisms are likely in
post-infectious ME/CFS [25]. As all these AAB are natural regulatory, AAB dysfunction
may evolve during infection by bystander activation and somatic hypermutation resulting
in AAB with a stronger or altered antigen binding to GPCR or in epitope spreading. With
respect to AdR such a scenario would be in line with patients frequently reporting that an
infection in a stressful situation, presumably going along with a stress-induced activation
of AdR, triggered the disease onset.

The most discrepant patterns we observed between the patient subgroups are the
correlations of all AdR-AAB with orthostatic dysfunction in non-infection-triggered disease
but with fatigue, muscle pain and SF-36 in post-infectious ME/CFS. Since absolute AAB
levels, as well as AAB/IgG ratios, did not differ between the two patient subgroups, this
implicates that not merely the AAB level but rather the function of the AAB or of the
receptors are different in these patient subgroups. To further follow this hypothesis, in
patients with non-infection-triggered onset, the function of AdR-AAB responses may not
be altered, but correlations here could reflect an adaptive response. For example, patients
with connective tissue diseases, such as Ehlers Danlos syndrome (EDS), are at higher
risk to develop ME/CFS. Here the vasculature is more elastic, leading to lower systolic
and diastolic blood pressure, tachycardia and often POTS. Patients have an autonomic
dysfunction with gastrointestinal problems and disturbed bladder function as well. There
is evidence that patients with EDS have heightened vasoconstriction due to adrenergic
hyper-responsiveness [51]. It is tempting to speculate that in these patients, elevated
AdR-AAB are reflecting this compensatory overactivity of the adrenergic system. In line
with this concept, in patients with POTS, elevated levels of AAB against alpha1-AdR and
M4-AChR correlated with symptom severity [37].

A limitation of this study is that several correlations were no longer evident after
correction for multiple testing due to the many parameters analyzed in our study. We
provided both the corrected and the uncorrected correlations in order to address a possible
unnecessary rejection of true findings upon adjustment for multiple testing [52]. The
interpretation of the findings in the cohort without infection-triggered onset is based on
a smaller number of patients and some non-significant findings. We did not increase the
number of patients with non-infection triggered ME/CFS because we did not want to add
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a patient group diagnosed and analyzed at a later time point. In addition, disease onset is
self-reported, and some patients may be wrongly classified. The symptom severity is self-
reported and a subjective measure, leading to a wide distribution. As sleep disturbances are
a key symptom in ME/CFS too, and sleep is associated with the parasympathetic system, a
sleep score should be assessed in further studies. Further, we did not analyze a healthy
control cohort in this study. In previous and ongoing unpublished studies, we constantly
found that a subgroup of approximately one-third of ME/CFS patients has higher AAB
against beta2-AdR as well as M3/M4-AChR compared to healthy controls [19,20]. Findings
from our recent functional study suggest that the agonistic function of beta2-AdR AAB
may be attenuated in ME/CFS patients, too, despite normal AAB levels [22].

In conclusion, our study provides evidence that AAB and/or the receptor pathways of
AdR, AChR as well as AT1-R and ET-R play a role in ME/CFS due to the association with
symptom severity. Thus, it is conceivable that various symptoms of ME/CFS, including
fatigue, muscle pain, cognitive impairment and autonomic dysregulation, could be medi-
ated or aggravated by these AAB. Further studies are required to decipher the mechanism
and binding specificity of these GPCR-AAB, and their effect of on vascular function in
ME/CFS, and how this may be translated into therapeutic concepts. In the case of dys-
functional AAB, therapies targeting AAB, such as immunoadsorption or rituximab, would
be warranted and were shown to be effective in a subset of ME/CFS patients (reviewed
in [5]). Further specific targeting of dysfunctional or regulative AAB may be developed as
treatment strategies in ME/CFS.

5. Patents

CellTrend GmbH holds a patent for the use of beta-adrenergic receptor antibodies in
the diagnosis of CFS.
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Abstract: Background: The purpose of this study was to follow-up an Australian cohort of adolescents
newly-diagnosed with ME/CFS at a tertiary paediatric ME/CFS clinic and healthy controls over a
mean period of two years (range 1–5 years) from diagnosis. Objectives were to (a) examine changes
over time in health and psychological wellbeing, (b) track ME/CFS symptomatology and fulfillment
of paediatric ME/CFS diagnostic criteria over time, and (c) determine baseline predictors of ME/CFS
criteria fulfilment at follow-up. Methods: 34 participants aged 13–18 years (25 ME/CFS, 23 controls)
completed standardised questionnaires at diagnosis (baseline) and follow-up assessing fatigue,
sleep quality and hygiene, pain, anxiety, depression, and health-related quality of life. ME/CFS
symptomatology and diagnostic criteria fulfilment was also recorded. Results: ME/CFS patients
showed significant improvement in most health and psychological wellbeing domains over time,
compared with controls who remained relatively stable. However, fatigue, pain, and health-related
quality of life remained significantly poorer amongst ME/CFS patients compared with controls at
follow-up. Sixty-five percent of ME/CFS patients at baseline continued to fulfil ME/CFS diagnostic
criteria at follow-up, with pain the most frequently experienced symptom. Eighty-two percent of
patients at follow-up self-reported that they still had ME/CFS, with 79% of these patients fulfilling
criteria. No significant baseline predictors of ME/CFS criteria fulfilment at follow-up were observed,
although pain experienced at baseline was significantly associated with criteria fulfilment at follow-
up (R = 0.6, p = 0.02). Conclusions: The majority of Australian adolescents with ME/CFS continue to
fulfil diagnostic criteria at follow-up, with fatigue, pain, and health-related quality of life representing
domains particularly relevant to perpetuation of ME/CFS symptoms in the early years following
diagnosis. This has direct clinical impact for treating clinicians in providing a more realistic prognosis
and highlighting the need for intervention with young people with ME/CFS at the initial diagnosis
and start of treatment.

Keywords: chronic fatigue syndrome; myalgic encephalomyelitis; follow-up; adolescence; health;
wellbeing; diagnostic criteria

1. Introduction

Paediatric myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a dis-
abling condition of unknown etiology. It causes significant and well-documented adverse
effects in physical and psychological functioning, school attendance and participation, and
quality of life [1–4]. Less documented are the longer-term impacts on health and wellbeing
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for young people with ME/CFS in the years following diagnosis, in comparison with their
healthy peers. Such information is invaluable for understanding illness course, prognosis,
and potential targets for management and treatment of paediatric ME/CFS. It may also
help identify potentially diverging developmental trajectories for patients with ME/CFS
during adolescence and young adulthood; a period already characterised by considerable
transition and change.

Significant change in emotional, social, hormonal, and physical functioning is typical
in the transition from childhood to early adulthood [5]. Onset of paediatric ME/CFS
during this period can therefore pose a diagnostic challenge. Indeed, paediatric ME/CFS is
known to be associated with compromised physical health and psychological health and
wellbeing, including greater fatigue, pain, anxiety and depressive symptoms, and poorer
sleep quality and quality of life [6–13]. However, fatigue and insufficient, poor quality sleep
is also prevalent amongst healthy high-school-aged Australians [14,15], rates of anxiety
and depression tend to increase across mid to late adolescence [16–18], and health-related
quality of life declines from 12 years of age onwards at a population level [19–21]. In order
to quantify the impacts of paediatric ME/CFS on fatigue, sleep, emotional problems and
health related quality of life, there is a need to compare the trajectories of these outcomes in
both adolescents with ME/CFS and healthy adolescents using a longitudinal standardised
design. Tracking specific ME/CFS symptomatology in the same patients over time using
the same standardised measures has the benefit of identifying which illness aspects are
endorsed most frequently (and perhaps, the ones that carry the most burden), as well as
understanding the factors that might predict patients’ future wellbeing and health status.

While there are relatively few longitudinal studies assessing follow-up of adolescent
patients with ME/CFS, the limited evidence available suggests that improvement and
recovery are more likely in paediatric ME/CFS compared with adult ME/CFS [1]. To
date, paediatric ME/CFS follow-up studies (ranging from 1 to 21 years follow-up) have
reported recovery rates of between 5% and 83% [11,12,22–30], although there is variability
in how recovery is defined across studies. Research has tended to use individuals’ self-
defined recovery in the common domains of fatigue, physical functioning, and school
attendance [30]. The latter measure may be problematic, however, for older adolescents
who had already finished schooling at the follow-up time point, or for younger adolescents
who are attending school but not functioning well due to ongoing cognitive disturbances.

Surprisingly few studies have focused on the health factors that may predict longer-
term outcomes such as persistence of diagnostic symptoms, with studies tending to focus on
risk factors for new-onset ME/CFS [15,31]. The few studies that have assessed these factors
have been inconclusive. For example, studies of adolescents with ME/CFS-like symptoms
have shown that baseline anxiety and depression predicts future fatigue persistence [32,33].
In contrast, subsequent studies have found no association between baseline depression and
anxiety and recovery from paediatric ME/CFS at follow-up [11,26]. Other methodological
factors have limited the ability to predict patients’ ME/CFS clinical status and symptom
persistence at follow-up, such as the inclusion of patients whose baseline ME/CFS status
was unable to be verified by a physician’s clinical diagnosis or did not fulfil diagnos-
tic ME/CFS criteria, and/or the use of different tools or methods to measure patients’
symptoms at baseline and follow-up [12,28,34]. Understanding the relative importance
of physical and psychological health factors to patients’ long-term outcome is, therefore,
important for guiding future preventative, management and treatment approaches.

There were three mains aims for this study. First, we aimed to examine the change
over time in factors associated with health and psychological wellbeing (i.e., fatigue, sleep
quality and hygiene, pain, anxiety, depression, and HRQOL) in newly-diagnosed adoles-
cents with ME/CFS relative to healthy adolescents, across a mean follow-up period of two
years from diagnosis (and study enrolment). Second, we aimed to track patients’ ME/CFS
symptomatology over time to determine the type and frequency of symptoms experienced,
and fulfilment of paediatric ME/CFS diagnostic criteria at follow-up (i.e., prognosis). Fi-
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nally, the third aim was to determine which aspects of health and psychological wellbeing
at diagnosis best predicted ME/CFS criteria fulfilment at follow-up.

2. Materials and Methods

2.1. Participants

This study represents a follow-up of a wider study that investigated brain structure
and function, cognition, and psychological wellbeing in adolescents first diagnosed with
ME/CFS and healthy adolescent controls [35]. A total of 48 participants (25 with ME/CFS
and 23 healthy controls) participated in the original study. Inclusion and exclusion criteria
for this study have been described in detail previously [35]. Participants included adoles-
cents aged 13–18 years diagnosed with ME/CFS by a paediatrician specialising in ME/CFS
at an Australian tertiary children’s hospital using the Canadian Criteria adapted for paedi-
atrics [36,37] and healthy adolescent controls aged 13–18 with no history of ME/CFS or
other chronic illnesses. Exclusion criteria at study enrolment were insufficient English to
complete the questionnaires, major depression or anxiety disorder, history of psychosis or
bipolar disorder, pre-existing developmental disability or brain injury, and current use of
any medication that may affect brain function.

All 48 participants were invited to participate in the follow-up study approximately
two years after their participation in the original study when they were first diagnosed with
ME/CFS. Ten participants (7 ME/CFS and 3 controls) could not be contacted despite multi-
ple attempts, and 4 participants withdrew at follow-up (1 ME/CFS and 3 controls). There-
fore, 34 participants (17 adolescents originally diagnosed with ME/CFS and 17 healthy
controls) took part in both the original and follow-up studies and were included as part of
the current investigation. Informed consent was obtained from all participants and their
parents, and no compensation or incentives were offered to participate in the research. The
study was approved by The Royal Children’s Hospital Human Research Ethics Committee
(HREC 32233, 37200).

2.2. Procedure

Original study at diagnosis (Baseline). Participants completed standardised question-
naires via REDCap Software (version 5.10.2, Vanderbilt University, Nashville, TN, USA,
2014; [38]). The questionnaires aimed to assess factors associated with health and psycho-
logical wellbeing, namely fatigue, sleep quality and hygiene, pain, anxiety, depression, and
health-related quality of life. Questions regarding demographic characteristics were also
completed, and for the ME/CFS cohort, additional clinical information was collected by
their paediatrician in consultation with the family. This included illness characteristics such
as time from symptom onset to diagnosis (study enrolment) (i.e., how long had symptoms
been present when diagnosis was made) and perceived illness trigger, as well as diagnostic
symptom criteria.

Follow-up study. Participants completed the same questionnaires administered at
baseline. In addition, the adolescents originally diagnosed with ME/CFS were also asked
to complete a health questionnaire about symptoms experienced over the past 3 months.

2.3. Measures

Health and psychological wellbeing measures across five domains were collected
at both baseline and follow-up, and shown in Table 1. These were validated for use in
children, adolescents and young people up to 25 years of age, and demonstrated good to
excellent reliability, validity and internal consistency in adolescents with ME/CFS, other
chronic health conditions, and healthy adolescents [8,29,39–46].
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Table 1. Measures to evaluate health and psychological wellbeing in adolescents with ME/CFS and healthy controls.

Measure Domain Name of Measure Description of Measure

Fatigue PedsQL™ Multidimensional
Fatigue Scale [47,48]

18-item Likert-rated scale (from ‘Never’ or 0 to ‘Almost always’ or 4) that assesses
level of subjective fatigue over the past month. Items reversed scored, linearly
transformed to a 0–100 scale, and summed over the number of items answered to
form a Total Fatigue score. Higher total fatigue scores reflected fewer problems
related to fatigue.

Sleep quality and
sleep hygiene

Adolescent Sleep Wake Scale
(ASWS) and Adolescent Sleep
Hygiene Scale (ASHS) [49]

Two 28-item instruments that assess aspects of sleep over past month: ASWS
assesses subjective sleep quality including evaluation of sleep initiation and
maintenance; ASHS assesses sleep hygiene and sleep practices. Items measured on a
6-point Likert scale (1 = always; 6 = never). Higher total scores indicate better sleep
quality and hygiene.

Pain
PedsQL™ Pediatric Pain
Questionnaire Visual
Analogue Scale [50]

Self-rated 100 mm scale to measure intensity of present pain, from ‘not hurting’ or
‘no pain’ (0) to ‘hurting a whole lot’ or ‘severe pain’ (100).

Depression and Anxiety Hospital Anxiety and
Depression Scale [51]

Consists of 14 items (7 in each subscale) and each item is scored from 0 to 3. Higher
total scores indicate greater levels of depression and anxiety.

Health-related quality of
life (HRQOL)

PedsQL™ Core Generic
Module [46,47]

Widely-used measure of health-related quality of life (HRQOL) assessing subjective
impact of health status on wellbeing and life satisfaction. Respondents rate 23 items
on 5-point Likert scale (0 = never a problem; 4 = almost always a problem) according
to how much of a problem each item has been over the previous month. Items
reversed scored and linearly transformed to create a total score ranging between
0 and 100. Higher total scores indicate better perceived HRQOL.

A short researcher-designed health questionnaire for the ME/CFS cohort was admin-
istered at baseline and follow-up, based on the diagnostic criteria for the paediatric case
definition of ME/CFS and developed by the Pediatric ME/CFS Case Definition Working
Group [36,37,52]. At baseline, the health questionnaire was completed by the ME/CFS
patient’s paediatrician who specialised in ME/CFS, and at follow-up the questionnaire
completed by the adolescent with ME/CFS (some words were rephrased to be understood
by a younger audience, see Supplementary Table S1 for comparison).

Two main measures were obtained from the health questionnaire: (a) fulfilment of
ME/CFS diagnostic criteria (including ‘severe’, ‘moderate’, or ‘atypical’ ME/CFS, [36,37,53],
and (b) whether patients subjectively perceived they had ME/CFS at follow-up (‘Do you
still have ME/CFS? Yes or No.’). As defined in the paediatric case definition [37], ‘severe
ME/CFS’ participants had to meet all six classic symptom criteria, including at least one
symptom from two of the three categories of autonomic, neuroendocrine, and immune
manifestations. ‘Moderate ME/CFS’ participants were defined as meeting five out of the
six classic symptom criteria, including at least one symptom in any of the three autonomic,
neuroendocrine, and immune categories. ‘Atypical ME/CFS’ participants were defined as
meeting two to four of the classic six symptom categories. At follow-up, the questionnaire
relied on self-report rather than medical consultation and examination with their clini-
cian and, as such, the case definition criteria for exclusionary conditions and concomitant
disorders and ratings of severity were not included. At follow-up, the questionnaire also
asked about the types of health professional/s seen for management of the participant’s
condition, the number of visits to that/those health professionals since baseline, and the
impact of their ME/CFS on their participation in school, university or employment (‘a lot’,
‘a little’, or ‘not at all’).

Finally, participants completed the Wechsler Abbreviated Scale of Intelligence—Second
Edition (WASI-II): Two-subtest Full Scale Intellectual Quotient (Vocabulary and Matrix Reason-
ing subtests) at baseline and follow-up to obtain an estimation of their general intellectual
ability, or FSIQ [54]. Standardised scores were reported (M = 100, SD = 15).

2.4. Statistical Analysis

All data were analysed using the statistical analysis program Stata 16.0 (StataCorp
Release 16, College Station, TX, USA: StataCorp LLC, 2019), and screened for violations
of statistical assumptions. The sample characteristics were summarised using descriptive

72



J. Clin. Med. 2021, 10, 3603

statistics. Independent samples t-tests and chi-square tests were used to assess group
differences at baseline and follow-up.

For the first aim, analysis of group differences in aspects of health and psychological
wellbeing over time involved a single linear mixed-effects regression model for each
outcome (dependent variable). Models included time (baseline vs. follow-up) and group
(ME/CFS vs. control) as predictors, an interaction term between group and time, a random
intercept for each participant to allow for clustering of observations within a participant,
and follow-up time interval in years as a covariate (i.e., time since participation in original
study). The linear mixed-effects regression results were presented as estimated mean
differences (fixed main effects and pairwise contrasts of the dependent variable); that
is, unstandardised regression coefficients (b) with their 95% confidence intervals (CIs),
and associated standard errors (SE). A significance level of 0.05 was used for all models,
and rather than relying solely on p values, Cohen’s d was calculated to determine the
magnitude of the effect and interpreted according to Cohen’s [55] and Sawilowsky’s [56]
guidelines (0.20 and below = small, 0.50 = moderate, 0.80 = large, 1.20 and above = very
large). Moderate to large values were considered clinically meaningful.

For the second aim, frequency statistics and percentages were used to summarise
participants’ responses to the health questionnaire; namely, (a) the proportion that ful-
filled paediatric ME/CFS diagnostic criteria [36,37], (b) frequency of reported ME/CFS
symptoms, and (c) the proportion who perceived they still had ME/CFS at follow-up. Re-
sponses were dummy coded (1 = met criteria; 0 = did not meet criteria) and then summed,
with a possible total score range of 0–6, to reflect the classic six paediatric ME/CFS case
definition criteria.

For the third aim, multiple logistic mixed-effects regression models were performed
to determine which baseline variables of health and psychological wellbeing best predicted
fulfilment of ME/CFS diagnostic criteria at follow up (controlling for time interval between
studies), via unstandardised regression coefficients, 95% CIs, and p values. ORs were used
as the magnitude of the effect and were interpreted according to Rosenthal’s [57] guidelines
(1.5:1 = small, 2.5:1 = moderate, 4:1 = large, 10:1 = very large). Pearson correlations were
also used to assess the strength and direction of the linear associations between the baseline
and follow-up variables of health and psychological wellbeing and fulfilment of ME/CFS
criteria at follow-up.

3. Results

3.1. Participant Characteristics

As shown in Table 2, there were no significant group differences in mean age, sex
(proportion of females), socio-economic status, or FSIQ. Results remained unchanged
when the analysis was repeated for participants at baseline who were lost to follow-up
(ME/CFS group: n = 17 participated at follow-up, n = 8 lost to follow-up; Control group:
n = 17 participated at follow-up, n = 6 lost to follow-up). Average time interval between
baseline and follow-up was significantly longer for adolescents with ME/CFS compared
with controls, so follow-up time interval was included as a covariate in subsequent mixed-
effects regression analyses.

3.2. Group Differences in Trajectories of Health and Psychological Wellbeing from Baseline
to Follow-Up

Estimated mean group differences (ME/CFS vs. control) over the approximate two-
year period (baseline vs. follow-up) are shown in Table 3 and Figure 1. Raw means for
each measure can be found in Table S2.
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Table 2. Participant characteristics at baseline and follow-up.

Participant Characteristics ME/CFS (n = 17) Controls (n = 17) Independent t-test p-Value

Age in years ((M (SD; range))

Baseline 15.99 (1.59; 13.42–18.92) 15.90 (1.60; 13.33–18.08) 0.17 0.86

Follow-up 18.78 (1.63; 15.5–21.58) 18.20 (1.56; 15.58–20.58) 1.07 0.29

Female sex (%, n) 82%, 14 65%, 11 X2 = 1.36 0.24

Socio-economic Indexes for Areas (SEIFA)
(M (range)) * 7.12 (1–10) 7.81 (1–10) −0.73 0.47

Follow-up time interval in years (M (SD; range)) 2.75 (0.81; 1.83–4.58) 2.27 (0.43; 1.67–3) 2.14 0.04

Estimated FSIQ (M (SD; range)) **

Baseline 103.75 (13.67; 86–145) 107.71 (12.50; 89–130) −0.87 0.39

Follow-up 105.56 (11.41; 90–136) 109.94 (12.98; 81–129) −1.03 0.31

Time from symptom onset to diagnosis (study enrolment)
(%, n) - - -

3–6 months 24%, 4 - - -

7–12 months 29%, 5 - - -

13–24 months 24%, 4 - - -

>24 months 24%, 4 - - -

Perceived illness trigger at study enrolment (%, n) ** ×

Infectious Illness 41%, 7 - - -

Accident 12%, 2 - - -

Severe stress 12%, 2 - - -

Immunisation 6%, 1 - - -

Trip or vacation 0%, 0 - - -

No identifiable trigger 24%, 4 - - -

Visited health professional or specialist between baseline
and follow-up ×

No 24%, 4

Yes 76%, 13

General Practitioner 47%, 8

Paediatrician 41%, 7

Physiotherapist 29%, 5

Psychologist 29%, 5

Cardiologist 12%, 2

Gynaecologist 12%, 2

Psychiatrist 6%, 1

Neurologist 6%, 1

Gastroenterologist 6%, 1

Naturopath 6%, 1

Number of visits to that health professional or specialist
between baseline and follow-up

0 visits 24%, 4

1 visit 0%, 0

2 visits 12%, 2

3 visits 0%, 0

>3 visits 65%, 11

* Control n = 16; ** ME/CFS n = 16; × Participants reported more than one trigger. For participant characteristics for the full cohort of
48 adolescents (25 ME/CFS, 23 controls) that participated in the original study, see [35].
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Table 3. Estimated mean differences in health and psychological wellbeing over time (baseline vs. follow-up) and between
groups (ME/CFS vs. Control).

Measures of Health and
Psychological Wellbeing

Estimated Mean Difference (b) with 95% CIs SE p-Value Effect Size (Cohen’s d)

Fatigue

Time 17.89 (8.83, 26.96) 4.62 <0.001 0.66
Group 41.62 (32.10, 51.14) 4.86 <0.001 1.47

Time × Group −21.73 (−34.55, −8.91) 6.54 0.001 0.57

Sleep quality

Time 0.24 (0.02, 0.45) 0.11 0.03 0.37
Group 0.66 (0.33, 0.99) 0.17 <0.001 0.67

Time × Group −0.34 (−0.64, −0.03) 0.16 0.03 0.37

Sleep hygiene

Time 0.05 (−0.13, 0.23) 0.09 0.60 0.09
Group 0.20 (−0.11, 0.50) 0.16 0.20 0.22

Time × Group −0.29 (−0.55, −0.03) 0.13 0.03 0.38

Pain

Time −14.24 (−24.23, −4.24) 5.10 <0.01 0.48
Group −33.97 (−48.14, −19.80) 7.23 <0.001 0.81

Time × Group 14.57 (0.33, 28.61) 7.21 0.045 0.34

Anxiety

Time −3.41 (−4.81, −2.02) 0.71 <0.001 0.82
Group −4.35 (−6.42, −2.29) 1.05 <0.001 0.71

Time × Group 3.59 (1.62, 5.56) 1.01 <0.001 0.61

Depression

Time −0.35 (−2.18, 1.48) 0.93 0.71 0.06
Group −2.00 (−4.84, 0.84) 1.45 0.17 0.24

Time × Group 1.59 (−1.00, 4.18) 1.32 0.23 0.21

HRQOL

Time 13.19 (6.48, 19.91) 3.43 <0.001 0.66
Group 34.75 (24.95, 44.55) 5.00 <0.001 1.19

Time × Group −18.43 (−27.93, −8.94) 4.84 <0.001 0.65

Fatigue. A significant main effect of group, time, and group by time interaction effect
was observed. At baseline, the ME/CFS group had a significantly greater level of problems
related to fatigue than controls (mean difference = 41.62, p < 0.001, d = 1.47). This group
difference diminished over time, with the ME/CFS group reporting significant improve-
ment in fatigue levels from baseline to follow-up (mean difference = 17.89, p < 0.001,
d = 0.66), and the control group remaining relatively stable (mean difference = −3.84,
p > 0.05, d = 0.14). At follow-up, the ME/CFS group still reported significantly greater
fatigue than controls, although the magnitude of this effect was reduced compared to
baseline (mean difference = 19.89, p < 0.001; d = 0.70).

Sleep quality. A significant main effect of group, time, and group by time interaction ef-
fect was observed. At baseline, the ME/CFS group reported significantly poorer sleep qual-
ity than controls (mean difference = 0.66, p <0.001, d = 0.67). This magnitude of change over
time in sleep quality differed between the groups, with the ME/CFS group reporting signif-
icant improvement from baseline to follow-up (mean difference = 0.24, p = 0.03, d = 0.37),
and the control group remaining stable (mean difference = −0.10, p > 0.05, d = 0.15). At
follow-up, there was no significant difference in sleep quality between the two groups
(mean difference = 0.32, p >0.05, d = 0.33).

Sleep hygiene. A significant time by group interaction effect was observed, however
the individual effects of time and group were very small and did not reach significance.
The groups showed similar levels of sleep hygiene at both baseline and follow-up, and the
interaction effect appeared to be driven by a small decline in sleep hygiene in the control
group over time (mean difference = −0.24, p = 0.01, d = 0.44).
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Figure 1. Estimated mean differences in measures of health and psychological wellbeing over time (baseline vs. follow-up)
and between groups (ME/CFS vs controls). * Significant within-group change over time at 0.05 level and moderate to large
Cohen’s d effect sizes ≥ 0.5.

Pain. A significant effect of group, time, and group by time interaction effect was
observed. At baseline, the ME/CFS group reported significantly greater severity of
present pain than controls (mean difference = −33.97, p < 0.001, d = 0.81). Over time,
the ME/CFS group reported a significant decline in pain from baseline to follow-up (mean
difference = −14.24, p < 0.01, d = 0.48), and the control group remained stable (mean dif-
ference = 0.24, p > 0.05, d = 0.01). At follow-up, the ME/CFS group continued to report
significantly greater pain than controls, although the magnitude of this effect was reduced
compared to baseline (mean difference = −19.50, p < 0.01; d = 0.46).

Anxiety. A significant main effect of group, time, and group by time interaction effect
was observed. At baseline, the ME/CFS group reported significantly greater levels of
anxiety than the control group (mean difference = −4.35, p < 0.001, d = 0.71). Over time,
anxiety levels significantly decreased for the ME/CFS group (mean difference = −3.41,
p < 0.001, d = 0.82), but did not significantly change for controls (mean difference = −0.18,
p > 0.05, d = 0.04), such that at follow-up there was no significant difference in anxiety
levels between the two groups (mean difference = −0.76, p > 0.05, d = 0.12).

Depression. No significant main effects of time or group, nor a significant time by
group interaction effect was observed (all p > 0.05). Mean group differences in depression
from baseline to follow-up were associated with negligible effect sizes for both groups
(both p > 0.05 and small d).

HRQOL. A significant main effect of group, time, and group by time interaction effect
was observed. At baseline, the ME/CFS group reported significantly poorer HRQOL than
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controls (mean difference = 34.75, p < 0.001, d = 1.19). Over time, this magnitude of this
group difference diminished, whereby HRQOL significantly improved for the ME/CFS
group (mean difference = 13.19, p < 0.001, d = 0.66) but did not significantly change for
the control group (mean difference = −5.24, p > 0.05, d = 0.26). At follow-up, the ME/CFS
group still reported significantly worse HRQOL than controls, although the magnitude of
the effect was reduced compared to baseline (mean difference = 16.32, p = 0.001, d = 0.56).

3.3. ME/CFS Symptomatology and Fulfilment of ME/CFS Diagnostic Criteria

At baseline, all 17 adolescents diagnosed with ME/CFS by their consultant ME/CFS
specialist paediatrician fulfilled criteria for ME/CFS (‘severe ME/CFS’: 59%, n = 10; ‘mod-
erate ME/CFS’: 41%, n = 7). At follow-up, 65% (n = 11) of participants fulfilled criteria
for ME/CFS (‘severe ME/CFS’: 24%, n = 4; ‘moderate ME/CFS’: 18%, n = 3; ‘atypical
ME/CFS’: 24%, n = 4). Of the 4 participants who met criteria for ‘atypical ME/CFS’ (i.e.,
only requiring 2 to 4 symptoms be endorsed) at follow-up, all 4 met criteria for the classic
criteria of fatigue, sleep problems, and pain. Six of the 17 (35%) did not fulfil ME/CFS
criteria at follow-up, and none of these endorsed persistent and unrelenting fatigue as
a symptom.

Of the majority that self-reported as having ME/CFS at follow-up in response to the
question ‘do you still have ME/CFS?’ (82%, n = 14), a greater proportion fulfilled criteria
for ME/CFS than not (79% vs. 21%, respectively). Nine of the 14 participants reported that
their ME/CFS had impacted ‘a lot’ on their participation in school, studies or employment,
while 5 reported that it impacted ‘a little’. All three participants who self-reported as not
having ME/CFS at follow-up did not fulfill criteria for ME/CFS. Breakdown of participants
who fulfilled paediatric ME/CFS diagnostic criteria at both time points is summarised in
Table S3.

 

Figure 2. The number of participants who fulfilled each of the classic criteria for paediatric ME/CFS [36,37] for 3 or more
months at baseline and follow-up (n = 17):(1) unexplained, persistent fatigue that is unrelated to exertion and not alleviated
by rest, and represents a substantial reduction in previous functioning (criterion 1A, B, C), (2) post-exertional malaise
(criterion 2), (3) sleep problems (criterion 3), (4) pain (criterion 4), (5) two or more neurocognitive problems (criterion 5), and
(6) autonomic, immune, and/or neuroendocrine problems (criterion 6).

77



J. Clin. Med. 2021, 10, 3603

Figure 2 shows the number of participants who fulfilled each of the classic symptom
criteria for paediatric ME/CFS at baseline and follow-up (n = 17). Pain was the most
endorsed symptom at follow-up (100%), closely followed by sleep problems (94.1%) and
one or more autonomic/neuroendocrine/immune problems (94.1%).

3.4. Predictors of ME/CFS Criteria Fulfilment at Follow-Up

None of the baseline variables of health and psychological wellbeing were significant
predictors of fulfilment of ME/CFS diagnostic criteria at follow-up (all p > 0.05, d range
= 0.02–0.33, OR range = 0.83–2.54). Pain experienced at baseline was close to reaching
significance (b = 0.05, p = 0.053) and was associated with a moderate effect size (d = 0.33),
but a small OR (OR = 1.05; SE(OR) = 0.02). For the Pearson correlation analysis, only pain
experienced at baseline was significantly associated with ME/CFS criteria fulfilment at
follow-up, with moderate effect (R = 0.6, p = 0.02). The Pearson correlation matrix for this
analysis can be found in Table S4.

4. Discussion

This study aimed to examine trajectories of health and psychological wellbeing across
an (approximately) two-year period in adolescents diagnosed with ME/CFS compared
with their healthy peers. It also aimed to track patients’ ME/CFS symptomatology and
fulfillment of paediatric ME/CFS diagnostic criteria at follow-up, and determine whether
ME/CFS criteria fulfilment at follow-up could be predicted by aspects of health and
psychological wellbeing at diagnosis.

4.1. Trajectories of Health and Psychological Wellbeing from Baseline to Follow-Up

Greater levels of fatigue, pain, and anxiety, and lower levels of sleep quality and
HRQOL were observed amongst adolescents with ME/CFS at baseline compared with
their healthy peers. This is consistent with previous cross-sectional findings in adolescents
with ME/CFS from our own team [3,9,43,58] and others [7,13,59–64]. This is perhaps
unsurprising given that the cohort met paediatric case definition criteria for either severe
(59%) or moderate (41%) severity ME/CFS at baseline, and the assessed domains of fatigue,
pain, and sleep problems map onto the known clinical symptoms experienced in this
condition. Importantly, the group disparity in these features of health and psychological
wellbeing became less pronounced from diagnosis to follow-up, due to the significant
improvement observed over time in the ME/CFS group, and the relative stability of the
control group over time. Indeed, improvement in ME/CFS patient-reported outcomes
have previously been shown in the domain of fatigue [12,65], with a recent systematic
review showing recovery rates for paediatric ME/CFS of between 15% and 85% based on
outcome measures of fatigue severity [30]. Fatigue and HRQOL have also been shown
to co-vary in paediatric ME/CFS [43], which may account for the relative improvement
being observed in both these domains over the follow-up period. Trends for a decline in
the presence of pain or sleep disturbance over the follow-up period has also been noted
in paediatric ME/CFS, regardless of intervention received [12]. The added value of the
current study is that we were able to assess levels of severity within ME/CFS symptom
domains using the same measures at baseline and follow-up. This allowed for a more
comprehensive evaluation of change over time in comparison with healthy controls.

A positive finding from this study was that with significant improvement over time,
adolescents with ME/CFS became comparable to their healthy peers at follow-up in
their level of anxiety and sleep quality. The lack of follow-up studies assessing anxiety
in paediatric ME/CFS make the reasons for this improvement in anxiety level unclear.
It is possible that anxiety experienced at baseline related to the diagnosis itself and/or
diagnostic and prognostic uncertainty, all of which may have reduced in impact over
time. Gradual acceptance and better management of their chronic condition may also have
played a role in improving anxiety and sleep quality, including multi-disciplinary input
in the post-diagnosis period. Certainly, many participants with ME/CFS continued to
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be managed by a general practitioner (47% of the ME/CFS cohort), paediatrician (41%),
psychologist (29%) and/or physiotherapist (29%) for more than 3 visits (71%) over the
course of the study period. Inter-relatedness of the domains studied would also suggest that
management, rehabilitation and improvement in one area would likely lead to symptom
reduction in related domains (i.e., fatigue severity and anxiety have been shown to co-vary
in adolescents with ME/CFS [7,32]).

More concerning was the finding that despite significant and clinically-meaningful
improvement over time (with moderate to large effect sizes), adolescents with ME/CFS
continued to show significantly greater fatigue, pain and poorer health-related quality of
life than their healthy peers at follow-up. This observation is important for the treating
clinician to understand so that a more realistic prognosis and need for intervention can
be discussed with the young person and their family at the initial diagnosis and start of
treatment. Van Geelen et al. [26] found considerable levels of fatigue in adolescents with
ME/CFS at a similar follow-up timeframe to the current study (approximately 2 years),
despite substantial health care use in the cohort, and this correlated with greater pain and
poorer health and psychological wellbeing. We recognise that the patient cohorts from our
(and Van Geelen’s) study were comparatively early in their trajectory of recovery, with
further improvement expected over time. Rowe [11] reported a mean paediatric ME/CFS
illness duration of 5 years for those reporting recovery, but with a range of 1 to 15 years. In
the current cohort, the mean two-year follow-up time interval from diagnosis had a range
of 1 to 4 years, with the onset of symptoms prior to diagnosis ranging from 3 months to
over 24 months. Our cohort may also have represented ME/CFS cases of greater severity
and reduced functioning given they had been referred for specialist tertiary care.

Unlike previous studies [6,31,62,66], we did not find higher rates of depression in
adolescents with ME/CFS compared with healthy controls, nor an increase in depression
over time. However, our findings do support two recent paediatric ME/CFS follow-up
studies showing stable depression levels over time [67,68]. Although Loades et al. [68]
observed consistently higher levels of depression in the paediatric ME/CFS group than
healthy controls, baseline ME/CFS depression was found to explain most of the variance
in follow-up ME/CFS depression, which appears to suggest stable depression levels across
time in paediatric ME/CFS. Of note, Loades et al.’s sample included a higher proportion of
adolescents with depression compared with previous studies [6,66]. It may be that there is
a subtype of ME/CFS that is particularly associated with comorbid depression [69], which
was represented in Loades et al.’s [68] sample but not in our study. Major psychiatric illness
that could adequately explain fatigue symptoms was an exclusionary criteria in our study,
which would have played an additional role.

4.2. Fulfilment of Paediatric ME/CFS Diagnostic Criteria at Follow-Up

The main finding from the second aim of our study was that approximately two thirds
(65%) of participants continued to fulfill paediatric ME/CFS diagnostic criteria at follow-up,
which included cases of severe, moderate, and atypical severity. The remaining third (35%)
were not classified as meeting criteria and more likely reflected a sub-clinical sample of
individuals that had improved considerably since diagnosis, given that none reported
unexplained, persistent fatigue that represented a substantial reduction in previous func-
tioning. This 35% of participants could be interpreted as having improved clinical status
since diagnosis, which would fall within the observed ‘recovery’ range in Moore et al.’s [30]
systematic review of paediatric ME/CFS longitudinal studies (ranging from 5% to 83% re-
covery). However, there are obvious limitations in inferring recovery and when comparing
results across these follow-up studies, given the variability in case definition, inclusion
criteria, and definitions of recovery used. In the current study, follow-up diagnostic status
was determined through self-report only. The known fluctuating nature and severity of
ME/CFS experienced by patients, as well as our lack of diagnostic biomarker/s, also makes
it more difficult to establish accurate diagnostic status at follow-up. This is supported by
Rowe [11] who found 58% of paediatric ME/CFS patients had a fluctuating severity pattern
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of illness over the follow-up period, with 14% reporting a consistent level of severity, and
12% showing a relapsing and remitting pattern.

Consistent with the majority of patients fulfilling paediatric ME/CFS criteria at follow-
up, the majority of patients (82%) self-identified as continuing to have the condition
at follow-up. Of these patients, 79% did indeed fulfil criteria for ME/CFS, while 21%
did not. On one hand, the disparity could be an issue of construct validity. Whilst the
Canadian consensus criteria for paediatric ME/CFS is considered an improvement upon
previous case definitions [70], greater sensitivity and specificity may be needed given the
heterogeneity of the illness [71,72]. On the other hand, a disparity between adolescent-
defined and criteria-defined clinical status could be a function of the dimensional nature of
many ME/CFS symptoms, including pain, sleep problems and fatigue [73,74]. It is possible
that adolescents interpret the persistence of their somatic symptoms as a sign of overall
ME/CFS persistence, even if the more cardinal ME/CFS symptoms (e.g., post-exertional
malaise) are no longer an issue and/or the severity of their somatic symptoms has lessened.
This may be supported by the finding that pain was the most endorsed symptom at follow-
up in the ME/CFS group (100% of the cohort). Whatever the cause, if there is a disparity
between the subjective experience of paediatric ME/CFS and what is being captured by
current criteria, this has ramifications for research and practice. It is recommended that
future research increase the specificity of ME/CFS somatic symptom criteria by drawing
upon up-to-date research in sleep, fatigue and pain, in addition to continuing to dedicate
resources towards identifying diagnostic biomarkers for paediatric ME/CFS.

4.3. Predictors of ME/CFS Criteria Fulfilment

The main finding from the third aim of our study was that no aspects of baseline
health and psychological wellbeing were found to significantly predict ME/CFS criteria
fulfilment at follow-up, with any great effect. However, despite not reaching significance
as a predictor (with moderate effect), pain at baseline was significantly and positively
associated with meeting criteria at follow-up, and was also the most commonly endorsed
symptom by patients at follow-up. This would suggest that the experience of pain early in
illness course may be relevant to later diagnostic status in the wider paediatric ME/CFS
population, which is supported by previous research [3,75].

Although many reports imply that the presence of poor health at ME/CFS onset influ-
ences future recovery [1,63,76], empirical support is lacking. In fact, investigations focused
on anxiety and depression suggest otherwise. For example, Rowe [11] reported no associa-
tion between baseline depression/anxiety and recovery, and whilst Rimes et al. [15] found
an association between baseline anxiety/depression and new onset chronic fatigue, they
found no association between baseline anxiety/depression and persistent chronic fatigue.
Rowe [11] and Rimes et al. [15] findings are consistent with the present study’s results. It is
worth noting that previous follow-up studies have tended to identify demographic predic-
tors (rather than health/psychological predictors) of future clinical status, namely: older
age, female gender, higher IQ, higher BMI, and school absenteeism [12,15,24,76]. Those
studies that have found associations between baseline health/psychological wellbeing—e.g.,
sleep quality [77], depression [28,78], anxiety and fatigue [32]—and follow-up recovery
status have relied on a proxy for ME/CFS (e.g., “CFS-like symptoms”, “Chronic Disabling
Fatigue”, etc.). Therefore, it remains to be seen whether baseline aspects of health and
psychological wellbeing are useful prognostic indicators of future diagnostic status or
recovery in adolescents who have been diagnosed by a paediatric ME/CFS specialist.

4.4. Study Limitations and Strengths

It is important to acknowledge the possibility that those adolescents with ME/CFS
who were lost to follow-up (n = 8) may potentially have been more functionally impaired
than those who participated at follow-up, thereby influencing the representativeness of
our sample. Importantly, analysis comparing baseline data for those involved in and those
lost to follow-up revealed no significant differences in demographic characteristics (age,
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SEIFA, sex) or intellectual ability (FSIQ), which suggests these influences were minimal.
Our study would also have benefited from the inclusion of a comparison group such as
adolescents with fibromyalgia, and with a larger sample size, would have been powered to
separate the cohort into subgroups of mild, moderate, and severe ME/CFS for analysis.
This would have helped to offset any influence of regression toward the mean when
evaluating change over time [79], and helped to improve our ability to detect significant
associations between baseline health status and ME/CFS criteria fulfilment at follow-up.
Given these considerations, caution should be taken when generalising the present study’s
findings to adolescents with severe ME/CFS or sufficiently poor health at diagnosis, with
the view that they may overestimate improvement in long-term outcomes for this group.
In addition, further information regarding types of medication and treatments over the
course of the follow-up period would be beneficial for future evaluation of the factors that
may influence longer-term outcomes in this population.

A key strength of this study was the use of a case-controlled, longitudinal design and a
cohort of well-characterised adolescents with ME/CFS whose diagnosis was confirmed by
a specialist paediatrician using consensus clinical criteria, and whose follow-up diagnostic
status was recorded using the same criteria. While it is acknowledged that some diagnostic
items assessed at follow-up had to be re-phrased for the younger patient audience, the
content at both timepoints was the same (as seen in Supplementary Table S1) allowing
for reasonable comparison across time. This is an improvement upon previous follow-up
studies which have relied on a proxy for ME/CFS diagnosis [32,78,80] or have not included
a control group for comparison [12,24,25]. Using the same measures at baseline and
follow-up also allowed for direct comparisons over time, including measures of health and
psychological wellbeing which are less often studied in longitudinal paediatric ME/CFS
studies. To the authors’ knowledge, this study represents one of the first case-controlled
follow-up studies of adolescents with ME/CFS in terms of their health, well-being and
longer-term prognosis of their condition.

4.5. Clinical Implications and Future Directions

Given the observed persistence of ME/CFS symptoms, poorer health and reduced
psychological well-being at follow-up compared with healthy controls (i.e., fatigue, pain,
and health-related quality of life problems), the current study highlights the need for early
identification and targeted and intensive treatment in these domains that continues at
least two years post-diagnosis, but ideally longer. The symptom domain of pain may be
a particularly pertinent area of focus in the management of paediatric ME/CFS, given
pain was most frequently endorsed at follow-up, and pain at baseline was significantly
associated with fulfilment of ME/CFS criteria at follow-up. Clinical multidisciplinary
strategies targeting pain relief and management including medication, physiotherapy,
cognitive and behavioural techniques (i.e., meditation, mindfulness and acceptance and
commitment therapy), and regular follow-up with the treating physician will be essential
in this regard. The use of standardised and consistent measurement of symptomatology
across illness course, including evidence-based consensus criteria, and person-centred
measurements of recovery will also be important in tracking patients’ clinical outcomes
and wellbeing over time in a meaningful way. Based on our findings, future research must
employ multiple follow-up time points over a longer time period (i.e., longer than 4 years)
to accommodate and record the fluctuating nature of symptoms and illness severity over
the ME/CFS illness course. Such information would be invaluable for understanding
the different types of illness trajectories experienced by patients, and best predictors of
recovery. It would also help clinicians, adolescent patients, and their families in preparing
young people with ME/CFS for the potential transition from family-oriented paediatric
health services to more independently-oriented adult health services if required.
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.3390/jcm10163603/s1, Supplementary Table S1: Classic ME/CFS diagnostic criteria of the Canadian
Consensus Criteria adapted for pediatrics (left column), and how these were assessed at baseline
(middle column) and follow-up (right column), Table S2: Raw means of measures of health and
psychological wellbeing at baseline and follow-up for adolescents with ME/CFS and healthy controls,
Table S3: Participants who fulfilled paediatric ME/CFS diagnostic criteria at baseline and follow-up,
Table S4: Pearson correlation matrix between health and psychological wellbeing measures and
fulfilment of paediatric ME/CFS diagnostic criteria
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Abstract: Objective: The identification of a complementary test to confirm the diagnosis of FM. The
diagnosis of fibromyalgia (FM) is based on clinical features, but there is still no consensus, so patients
and clinicians might benefit from such a test. Recent findings showed that pain lies in neuronal
bases (pain matrices) and, in the long term, chronic pain modifies the activity and dynamics of
brain structures. Our hypothesis is that patients with FM present lower levels of brain activity and
therefore less connectivity than controls. Methods: We registered the resting state EEG of 23 patients
with FM and compared them with 23 control subjects’ resting state recordings from the PhysioBank
database. We measured frequency, amplitude, and functional connectivity, and conducted source
localization (sLORETA). ROC analysis was performed on the resulting data. Results: We found
significant differences in brain bioelectrical activity at rest in all analyzed bands between patients and
controls, except for Delta. Subsequent source analysis provided connectivity values that depicted
a distinct profile, with high discriminative capacity (between 91.3–100%) between the two groups.
Conclusions: Patients with FM show a distinct neurophysiological pattern that fits with the clinical
features of the disease.

Keywords: fibromyalgia; EEG; fast Fourier transform; diagnosis; ROC curve

1. Introduction

Fibromyalgia (FM) is a highly prevalent, painful disease, suffered by 2–4% of the
population in the industrialized world, predominantly in women (ratio 9:1); it is very
debilitating both physically and psychologically [1]. Current diagnosis criteria evaluate
neither peripheral nor central functional deficiencies linked with the clinical symptoms,
which complicates both the identification of the physiopathology of the disease and the
search for adequate treatment [2].

In general terms, FM represents an enormous expenditure of resources, both direct
(health care and medication) and indirect (e.g., loss of jobs and use of government aid)
for the health, social and economic systems. The mean annual cost per patient in western
countries ranged from US $2274 to $9573 in the central studies and even more in others,
depending on the severity of symptoms and methods of cost calculation [3]. There exists,
therefore, a need to identify a discriminative complementary method which, together with
the description of the clinical symptoms, would help in the detection of FM [2]. Early
diagnosis and treatment would reduce the burdens on patients, relatives, and society.

The feeling of pain is generated by a widely distributed brain network rather than by
a direct sensory input evoked by a lesion or other pathology [4]. There are clear, substantial
differences between (i) acute pain, which is evoked by specific noxious inputs, and whose
sensory transmission mechanisms are well described, and (ii) chronic pain syndromes,
which are often characterized by severe pain associated with little or no discernible injury
or pathology, and are still not well understood [4]. In the last five years, some studies have
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shed some light on the cerebral mechanisms of chronic pain modulation [5], showing that
subjective pain experience corresponds to a defined pattern of brain activity, in what is
called the ‘pain matrix’ [6,7].

Such experience of pain has consequences that go further than temporary unpleasant
feelings. Pain leaves a footprint: experiencing chronic pain can cause anatomical and
functional reorganization of the brain [8], as shown in several disorders such as phantom
pain, chronic back pain, irritable bowel syndrome, and FM (May, 2008). The morphological
changes include the loss of gray matter volume [9], whereas the functional alterations
include aberrant functional activity [10]. Recent reviews of the long-term effects of chronic
pain have demonstrated the appearance of a “brain signature” [7,11]. The neural dynamics
of the experience of pain follow specific processes related to coherence, activation, and
deactivation of “core structures” in the default mode network, which are not linearly
associated with stimulus intensity [12]. Such oscillations and the synchrony characteristics
of pain can be measured by EEG and studied [13,14], including in clinical settings [15]. For
example, Jensen et al. (2013) reported that the presence of specific EEG patterns might
predict with 83% accuracy spinal cord injury patients’ vulnerability to feelings of chronic
pain [16], and Vuckovic et al. (2018) reported up to 85% accuracy in other studies [17]. A
similar phenomenon takes place in healthy controls [15].

In the case of FM generalized pain, allodynia, and other neurological symptoms of
central origin [18], result from deep tissue, like joints or muscles, in combination with
central sensitization mechanisms. The nociceptive input may begin in peripheral tissue
(e.g., by infection), generating allodynia or central sensitization. Those impairments in
pain mechanisms might derive from long-term neuroplastic imbalances that the patients’
antinociceptive capabilities cannot manage and result in ever-increasing pain sensitivity
and dysfunction [19].

The physiopathology of the FM syndrome described in the literature is compatible
with a central state of hyperexcitability of the nociceptive system [20,21], specifically, a
persistent over-activation of Theta and Beta bands [22,23].

Complementary research indicates that both power band and power density differ-
ences exist between patients and matched controls. For example, Delta power density at
temporal areas appears to be decreased in patients concerning controls, but Beta power
reaches higher values in frontal and cingulate regions of patients with FM (Gonzalez-
Roldan). Other types of analysis based on EEG data as source analysis have also indicated
differences in the cingulate cortex. In particular, Vanneste et al. focused on both the degree
of activation and the degree of integration and concluded that patients with FM showed
decreased connectivity in the anterior cingulate cortex, which may affect the pain inhibitory
pathway, mediating the pain feeling [24]. Pain experience correlates with a decreased level
of Alpha-2 (11–12 Hz) in the posterior cortex [25] and decreased connectivity of the insula
within the default mode network [26].

Other neuroimaging techniques, such as magnetoencephalography (MEG), have also
shown disrupted connectivity at the Theta frequency for patients with FM compared
with controls in the default mode network [27] and with resting state sequences [28].
However, there is little information comparing patients with FM with controls on electrical
coherence between brain regions [24], and specific connections between regions have not
yet been addressed. The analysis of such differences could, perhaps, be based on the EEG
technique [29]. Working on EEG data, this study aims to describe the connectivity patterns
in the default mode network in a group of patients to establish differential parameters
and compare them with a sample of healthy controls. The hypothesis is that patients with
fibromyalgia present significant differences from the controls in EEG activity and that this
differential activity would be linked to a decrease in brain connectivity, as happens in other
diseases related to chronic pain [30–33].

88



J. Clin. Med. 2021, 10, 3277

2. Materials and Methods

2.1. Sample

The sample consisted of 23 patients with FM and 23 healthy control subjects. The
patients with FM were recruited via FIBROFAMUR (the association of patients with FM).
They had all been diagnosed with FM by the Rheumatology Department of the Virgen de
la Arrixaca University Hospital, Murcia) according to the American College of Rheuma-
tology Diagnostic Criteria for fibromyalgia, with no record of epilepsy seizures or other
neurological disorder in the sample. Recruiting, testing, and analysis of the data took place
in 2017 and 2019.

The two groups were matched for age and gender. The mean age of the experimental
group was 56 years (range 35–65). Seventy-seven percent had had the disease for more
than 12 years. T-test analysis indicated no significant differences in age (t (44) = 0.061,
p = 0.54) with the control group. The gender distribution was five males (21.8%) and
eighteen females (78.2%) in each group. The control sample was randomly collected
from the PhysioBank database, a public standard database available on the internet from
the National Center for Research Resources of the National Institutes of Health [34]. It
came from an experiment on motor movement/imagery, with a baseline of eyes closed
EEG in resting state conditions, similar to the FM patients. A history of neurological or
neuropsychiatric records or the use of drugs were exclusion criteria for participation in the
control group. Accordingly, no pathological signals were found on the EEG registry of the
control sample. Control sample registries undergo visual inspection to check the absence
of pathological signs [35].

The Ethical Committee of the University of Murcia (Spain) approved the study. All
procedures used followed the ethical standards of the responsible committee on human
experimentation (institutional and national) and with the Helsinki Declaration of 1964 and
its later amendments. All patients signed a written informed consent before their inclusion
in the study.

2.2. Procedure

Twenty-one high-resolution EEG channels (NEURON-SPECTRUM-AM®) were used
to record the data following 15 min eyes-closed resting state protocol. The sampling rate
was 512 Hz. Guidelines to standard sample registration were followed (demographics,
medical history, screening EEG, medication status) [36]. Data acquisition was conducted in
complete silence, sitting in a comfortable and isolated room free from unpleasant stimuli.
The disposition of electrodes followed the international 10–20 system with earlobes used
as references and ground reference located in the Fpz location.

2.2.1. Data Preprocessing

Average reference, filtering, and analysis of the EEG signal were equal in both samples.
A medical doctor with 50 years’ experience in EEG ran a qualitative analysis by visual
inspection of specific assemblies of bipolar montages. Segments of no less than 1 min of
EEG free from artifacts were selected for analysis. The grapho-elements of pathological sig-
nificance were registered (i.e., frequent posterior sharp waves) [37] since the morphological
mapping tests of these patients usually show the presence of areas with atrophy [38,39],
with signs of aging [40] or irrigation alterations [41] (Figure 1).
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Figure 1. Example of EEG registry that presents abnormal activity (squared in black). Recording
details: amplitude 70 microvolts, 10 s.

2.2.2. Data Analysis

Global EEG power was calculated with a weighted average across all channels
with an average reference. Quantitative analyses (both fast Fourier transformation (FFT)
and coherence analysis) were performed using the Brainstorm software [42] on MAT-
LAB compiler runtime R2015b (MCR v9.0). The amplitude for each frequency band
was calculated through the FFT and the functional connectivity through the coherence
method (https://neuroimage.usc.edu/brainstorm/ Retrieved on 13 April 2021) previously
used [43]. Relative amplitude was calculated as a percentage for each frequency band from
the total absolute amplitude spectrum (from 1 to 32 Hz). The localization of the abnormal
activity source required the standardized low-resolution brain electromagnetic tomography
(sLORETA) method [44].

2.3. Statistical Analysis

The calculation of the mean amplitude and coherence differences for each group were
obtained using the Student’s T method. The 95% confidence intervals were estimated with
a significance level of p < 0.05. The Bonferroni method was used to minimize errors arising
from multiple comparisons.

Although we calculated several indices of functional association between pairs of
electrodes that obtained good discriminative capacity, only significant ones are reported
here. Their calculation was based on the sum of the coherences between the temporary
locations (T3 and T4) with the Fz [index of functional discrimination between healthy and
FM = (T3 − Fz coherence) + (T4− Fz coherence)].

To elucidate whether the connectivity pattern may serve to identify patients with
fibromyalgia, we calculated ROC curves through the SPSS ROC curve calculation, obtaining
sensitivity and specificity values and a total discrimination index. This index was used
alongside the clinical diagnosis to calculate the sensitivity/susceptibility, S = TP/(TP + FN),
and the specificity, E = TN/(FP + TN), of the EEG as a diagnostic tool, where TP means “true
positive”, TN “true negative”, FN “false negative”, and FP “False positive”. ROC curves
were used as an accuracy index to explore the discriminative validity of EEG parameters.
Note that no machine learning methods were used. The discriminative capacity, following
the ROC curve analysis, using 95% confidence intervals (CI), was calculated using the
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following formula: sensitivity − (1 − specificity) [45]. The software SPSS v.23 was used for
statistical analysis.

3. Results

3.1. Frequency Analysis

The FM group had significantly lower amplitude values than the control group
(p < 0.001). These differences appeared in all frequency bands and locations studied, except
for the relative frequency of the Delta band (absolute and relative frequency values appear
in Figure 2 and the statistical figures Table 1).

 
Figure 2. Absolute amplitude average of frequency bands (μV) in FMS and control groups (p < 0.0001
for all frequency bands comparisons).

Table 1. Differences in frequency bands between groups of absolute and relative mean frequencies
for FM and control group * p < 0.001.

FM (n = 23) Control (n = 23)

Mean SD Mean SD p

ABSOLUTE

Delta 5.59 0.42 21.22 2.69 0.000 *
Theta 6.32 0.50 27.88 3.75 0.000 *
Alpha 15.74 0.75 72.86 18.53 0.000 *
Beta 20.67 1.72 65.11 9.22 0.000*

RELATIVE

Delta 11.57 0.49 11.57 2.07 0.991
Theta 13.08 0.65 15.02 1.55 0.000 *
Alpha 32.62 1.06 38.45 4.09 0.000 *
Beta 42.72 1.17 34.97 2.08 0.000 *

Analyzing each group, frequency maps of the FM sample showed greater activity in
the right parietal region (location P4) for the other bands. This seems to agree with the
presence of spike-type grapho-elements in the right parietal and occipital areas, mentioned
earlier.

3.2. Sources by LORETAs

All EEG registries were visually checked. A higher frequency of spike-type grapho-
elements was found in patients (17.8%) than in controls (0%), with potential symptomatic
seizures from irritation of neighboring cerebral cortical tissue located on the right occipital
and parietal regions [35]. This is a common finding, as nonepileptic seizures (PNES) are
frequently found in FM patients [46–48].

By analyzing the location of sources using the sLORETA method we located anoma-
lous activity (signs of irritation) on the bilateral precuneus, with right predominance, on the
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right inferior parietal cortex, bilateral prefrontal medial cortex, and right anterior Cingular
cortex for patients with FM. Figure 3 shows the localization of the band activity.

 

Figure 3. Source localization of abnormal activity in FMS patients.

3.3. Analysis of Coherence

In the FM group, we found that cortical interconnections in FM were very scarce
during eyes-closed resting, especially for Delta and Beta frequencies. Those existing in
the Alpha and Theta bands were only visible in frontotemporal regions (p < 0.001). These
findings contrast strongly with the degree of interconnection shown by control subjects.
In particular, the coherence analysis revealed greater functional connectivity between the
insular regions and the frontal regions in the patients with FM, but not in the control sample
(p < 0.001). The coherence measures for FM and control samples appear in Figure 4, where
only coherences equal to or greater than 0.5 were included.

 

Figure 4. Grand average representation of FFT frequency bands for FMS and control subjects.
Amplitude was reduced in FMS patients for all electrode positions.
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3.4. Discriminatory Index

Finally, to distinguish patients with FM from controls, we analyzed a discrimination
index using average amplitudes, the region of interest amplitude of P4, and functional
connectivity between fronto-bitemporal locations. Statistical data appear in Table 2, show-
ing good discrimination results with high accuracy (between 91.3–100%), and in Table 3,
showing the area under the curve for ROC curves from frontal and temporal coherence
values. The Theta band showed the best AUC with a sensitivity of cases of 100% and
inclusion of 0% false cases. Frontotemporal functional connectivity showed a sensitivity of
91.3% and inclusion of 21.4% of false cases.

Table 2. Comparison between discriminative indexes for different EEG parameters. AUC = area
under the curve.

FFT Amplitude
ROC

(AUC)
Sensitivity/

1 − Specificity
p [95% CI]

Delta (1–4 Hz) 0.618 0.643/0.609 0.234 (0.417, 0.819)
Theta (4–7 Hz) 1 1/0 0.000 (1, 1)

Alpha (7–14 Hz) 0.975 1/0.217 0.000 (1, 1)
Beta (15–32 Hz) 0.988 1/0.174 0.000 (0.960, 1)

Right Parieto-Occipital activity (P4) 0.984 1/0.217 0.000 (0.951, 1)
Frontotemporal functional connectivity 0.913 0.913/0.214 0.000 (0.816, 1)

Table 3. Accuracy index—area under the curve (AUC) for ROC curves calculated from coherence
values. * p < 0.05; ** p < 0.001.

Derivations Delta Theta Alpha Beta

Fp1-Fp2 0.390 0.467 0.294 0.238
Fp2-T4 0.843 ** 0.907 ** 0.875 ** 0.846 **
Fp1-T3 0.843 ** 0.849 ** 0.884 ** 0.746 *
T3-T4 0.580 0.596 0.706 0.593
Fz-T3 0.712 * 0.684 0.780 * 0.765 *
Fz-T4 0.799 * 0.835 * 0.774 * 0.846 **

Fz-T3 + Fz-T4 0.877 ** 0.794 * 0.788 * 0.822 *
Fp1-T3 + Fp2-T4 0.765 * 0.887 ** 0.913 ** 0.80 *

4. Discussion

In this study, we report the EEG data of a sample of 23 patients with FM and 23
matched controls to identify electrical differences between the two groups. The differential
pattern of coherence, in the last instance, might work as a complementary method for FM
diagnosis.

According to our results, patients with FM presented lower values than controls in
all frequencies except for the Delta band. The frequency maps of the FM group indicated
greater activity in parietal areas than in the rest of the scalp. Subsequent sources analysis
indicated anomalous activity at the bilateral precuneus, with right predominance, on the
right inferior parietal cortex, bilateral prefrontal medial cortex, and right anterior cingular
cortex in the FM group. The coherence analysis of the brain signal showed clear differences
between the groups, particularly in the bilateral frontotemporal region. Discriminatory
analysis indicated a significant difference in interconnectivity patterns between patients
and controls.

In general, we can state that frequency power was dramatically lower in the FM
group than in the controls. These findings are compatible with the morphological findings
reported by multiple authors using neuroimaging techniques [49]. The weight of the
encephalon can be up to 3.3 times lower in chronic pain patients than in healthy subjects.
In particular, this neuronal loss affects white matter, as evaluated by fractional anisotropy
techniques [50]. With regard to location, studies by Kuchinad et al. (2007) showed that
the most affected structures were the thalamus, medial posterior cingulate cortex, insula,
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prefrontal cortex, parahippocampus, hippocampus, anterior cingulate cortex, and striated
nuclei [51]. A neuronal loss might explain the decrease in neuronal working synchrony, as
a consequence of the communication defects caused by both the diffuse neuronal loss and
the fibers of the white matter [52].

Deeper analysis of the affected bands shows that the most severe decrease took place
in Alpha, Theta, and Beta frequency bands and was not significant in the Delta band. On the
one hand, given that the first three bands depend on the cortical neuronal interaction and
its networks, it is reasonable to link these alterations with the morphological impairments
described above. On the other hand, Delta activity is more dependent on the somas of the
deep pyramidal neurons affected in degeneration, usually by irrigation defects [53]. Other
studies have reported similar differences between patients with FM and healthy controls
while solving problems of various types. In global field power analysis, patients with FM
presented lower modulation of Alpha and Theta, less synchronization, and lower spectral
density, which indicates the presence of excessive neuronal noise [54]. According to fMRI
research, patients with FM have to mobilize more cortical extension than healthy subjects,
even in young patients aged between 25 and 40. This process may explain the presence of
cognitive impairments. This reaction closely resembles the one in healthy elderly people,
which is why some authors compare the consequences of fibromyalgia with an accelerated
brain aging process.

Frequency mapping with a separate representation of the different frequency bands
demonstrates that all bands showed their maximum amplitude in the right parieto-occipital
region (Figure 5). This predominance may represent better conservation of the neuronal
structure of the right parietal lobe than in other cortical areas (susceptible to potential
irritative characters) [55]. This may also be related to the increase of glutamic acid and
the decrease of gamma-aminobutyric acid described by Puiu et al. at the anterior cingular
cortex, insula, and amygdaloid nucleus [56].

 

Figure 5. Functional connectivity comparison between control and FMS samples (connectivity
between temporal and frontal locations).

Analysis of the source with the sLORETA system pointed to the bilateral precuneus,
right inferior parietal cortex, bilateral medial prefrontal cortex, and right anterior cingular
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cortex. These cortical structures are part of the default mode network, except for the
insula, which was not observed in our maps. The most activated structure was the anterior
cingular cortex, the first structure affected in FM, and the one in which has been observed
the most manifest excess of glutamic acid, reduction in gamma-aminobutyric acid, and
neuronal loss [24]. This fact may help explain why some authors argue that the exacerbation
of pain in FM results from the existence of hypersensitive neural networks which, with
their explosive response to any stimulus, cause synchronizations of the most sensitive
networks [57]. These authors found a positive relationship between the intensity of pain
caused by any normal stimulus and the degree of explosive synchronization of the EEG in
these patients. According to the results of the current study, the presence of EEG spikes
could be an example of these explosive phenomena, although it can also only facilitate
them.

Concerning connectivity patterns, the intercommunication at the Alpha and Theta
frequencies were more abundant in patients with FM, but short association fiber between
neighboring areas predominate in the bilateral frontotemporal region, suggesting better
conservation of U-fibers than long fibers in the whole of the white substance (Table 3).
This contrasts with recent findings in which long fibers appeared more connected than
short ones in the Alpha band [54]. Other studies support our results about the significantly
lower level of connectivity signal in the FM group than in controls during resting state,
particularly in the Theta band [27,58,59]. These functional connectivity differences are
related to differences in pain intensity between FM patients and controls [60].

It also seems that some treatments that reduce pain in FM produce a change in
brain connectivity, including the insula and the cingulate cortex, as in our study [61].
Physical exercise interventions also seem to normalize aberrant resting state functional
connectivity in FM patients and to be associated with pain improvement [62]. These
patterns of altered connectivity have been found to be associated with altered integration
of sensory information [63]. Other studies of functional connectivity have shown a reduced
pattern of connectivity in FM, and it has been suggested that functional connectivity could
have clinical implications if used as an objective measure of pain dysregulation [64].

Test Accuracy

The resulting patterns demonstrated high discriminability between patients and
controls, predominantly in the Theta band and right frontotemporal regions (Table 3),
agreeing with Ichesco [65]. A variety of methods of complementing FM diagnoses have
reached high accuracy values: 72.9% accuracy of FM symptomatology questionnaires [66],
78.9% accuracy of neurophysiological reflex exploration of the spinal nociceptive flexion
reflex, indicative of central sensitization [20], 95% accuracy of qEEG during polysomnog-
raphy [67], 85.1% accuracy with different alternative criteria for FM (Salaffi et al., 2020),
and 64.8%–71.3% accuracy based on physical examination and laboratory tests to identify
FM patients [68]. Another study using an fMRI combination of neurologic pain signa-
ture, pain-related response, and multisensory nonpainful sensory stimulation showed 93%
discrimination accuracy [29].

To our knowledge, EEG functional connectivity has not been used, so far, to dis-
criminate between chronic pain syndromes. One future line of research should study the
discriminative power of brain activity between different pain syndromes using functional
connectivity, a line of research that needs further optimization. It is theoretically possible
that chronic pain syndromes share common brain signatures, but discriminative methods
could also be optimized to increase the accuracy of the results. For example, more specific
examination with fMRI has been used to discriminate between pain syndromes with non-
significant results, although 78.8% discriminative accuracies were achieved between FM
and rheumatoid arthritis [69]. Overall, due to the consistently higher accuracy results of
brain parameters over other methods of FM discrimination, neuroscientific methods could
help improve FM diagnosis. In particular, EEG seems to be a promising tool with which to
improve the early identification of patients at risk of developing a chronic pain condition.
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Some possible limitations result from using the reference database, which is a relatively
new (albeit increasingly adopted) procedure [70,71]. It is arguable that the FM sample
could not be completely comparable with the nonclinical subjects extracted from the
standard database because of incompatibilities between different acquisition methods.
The use of several methodological techniques can, however, ensure the validity of the
comparisons made in the present study, by reducing acquisition noise and sources of
confusion [72]. These methods include the use of averaging mounts, band-pass frequency
filters that exclude frequencies above 100 Hz [73], and relative power calculations to
reduce differences individual measurements in skull thickness or amplifier calibration [74].
These techniques show similar results between acquisition devices when calculating the
FFT bands [75], and similar signal-to-noise ratios between devices (up to 12 different
ones). Even the comparison between modern low-cost EEG devices with medical-grade
instruments shows comparable results for calculating frequency [76]. These techniques and
new research opportunities are opening up new avenues for the use of open repositories in
neuroscience research and collaboration.

To confirm the validity of the control sample, other studies used the same database [10,77–82],
including with FM population [83]. Alterations in functional connectivity are frequent
in patients with FM (Hargrove et al., 2010), in particular alterations in frontotemporal
connectivity [62,65,84], and are often associated with a lower white matter volume than
in controls in frontal regions [28]. Our results replicate these previous findings. However,
since we have specifically studied frontotemporal functional connectivity as a region of
associations of interest (due to sample size limitations), these results should be viewed
with caution. In summary, the comparison with normative samples constitutes a valid
method if certain requirements are met (i.e., age-appropriate values, selection of artifact-
free segments, and similar registry conditions, among others). Healthy control databases
have been demonstrated to be reliable and to lack ethnic bias, making the comparison with
clinical samples adequate, cost-effective, culture-fair, and highly sensitive to abnormalities
in brain function both to spectra [15] and LORETA comparisons [85].

About the sample size, it would have been interesting to compare patients with FM
with depressed individuals to see whether our algorithm correctly differentiates from other
comorbid psychiatric pathologies. Another limitation is that there may be different origins
of FM which end in the same syndrome. Therefore, we may be facing a particular type of
FM pattern that presents specific connectivity abnormalities. However, the syndromic sub-
groups of FM remain an unsolved problem. We have not been able to measure pain levels
or precise psychopathological characteristics through questionnaires or cognitive tests,
which may be an interesting line of work in the future, as suggested by some studies [86,87].
Triñanes et al. suggested that types I and II of FM differ by psychopathological profile [87].

This study shows potential distinctive neurophysiological features in patients with
FM that put in connection function and structure. In the future, data could be the basis
of a reproducible and safe diagnostic method for FM, as previously suggested by other
studies [88].
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Abstract: There is a lack of research regarding blood tests within individuals with Myalgic En-
cephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and between patients and healthy controls.
We aimed to compare results of routine blood tests between patients and healthy controls. Data
from 149 patients diagnosed with ME/CFS based on clinical and psychiatric evaluation as well as
on the DePaul Symptom Questionnaire, and data from 264 healthy controls recruited from blood
donors were compared. One-way ANCOVA was conducted to examine differences between ME/CFS
patients and healthy controls, adjusting for age and gender. Patients had higher sedimentation rate
(mean difference: 1.38, 95% CI: 0.045 to 2.714), leukocytes (mean difference: 0.59, 95% CI: 0.248 to
0.932), lymphocytes (mean difference: 0.27, 95% CI: 0.145 to 0.395), neutrophils (mean difference:
0.34, 95% CI: 0.0 89 to 0.591), monocytes (mean difference: 0.34, 95% CI: 0.309 to 0.371), ferritin
(mean difference: 28.13, 95% CI: −1.41 to 57.672), vitamin B12 (mean difference: 83.43, 95% CI: 62.89
to 124.211), calcium (mean difference: 0.02, 95% CI: −0.02 to 0.06), alanine transaminase (mean
difference: 3.30, 95% CI: −1.37 to -7.971), low-density lipoproteins (mean difference: 0.45, 95% CI:
0.104 to 0.796), and total proteins (mean difference: 1.53, 95% CI: −0.945 to 4.005) than control subjects.
The patients had lower potassium levels (mean difference: 0.11, 95% CI: 0.056 to 0.164), creatinine
(mean difference: 2.60, 95% CI: 0.126 to 5.074) and creatine kinase (CK) (mean difference: 37.57, 95%
CI: −0.282 to 75.422) compared to the healthy controls. Lower CK and creatinine levels may suggest
muscle damage and metabolic abnormalities in ME/CFS patients.

Keywords: myalgic encephalomyelitis/chronic fatigue syndrome; routine blood tests; diagnostic
criteria; functional status; creatinine; creatine kinase

1. Introduction

Myalgic encephalomyelitis, also known as chronic fatigue syndrome (ME/CFS) is a
debilitating disease and common symptoms are post-exertional malaise (PEM], headaches,
muscle- and joint pain, dyspnoea, nausea, and flu-like symptoms [1,2]. It is affecting all
social and racial/ethnic groups, although possibly women more frequently than men [3,4].
The severity of the illness ranges, from ambulant to housebound [5]. A 2020 EUROMENE
review found that prevalence ranged from 0.1–2.2% [6]. An American report from 2015,
summarizing more than 9000 papers about illness, concluded that “ME/CFS is a serious,
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chronic, complex, and multisystem disease that frequently and dramatically limits the
daily activities of affected patients” [7]. Twenty-five percent of patients become house- or
bedbound at some point of their illness course [8].

The illness burden also involves a great personal and societal economic loss. ME/CFS
is estimated to affect over 2.5 million across Europe. The condition often results in dimin-
ished functionality and increased economic impact. Despite high prevalence rates and
disabling nature of the illness, few studies have examined the economic impact at the
individual level and the societal cost across Europe [9].

Despite the severe nature of the disease, the pathophysiology is still largely unknown.
No cure or specific treatment exists, nor are there any specific biomarkers [10,11].

Most studies on different haematological and biochemical tests reveal that in most
cases, no difference is found between ME/CFS patients and healthy controls [11–30]. How-
ever, one study reported reduced creatine kinase (CK) levels and a higher sedimentation
rate (SR) and thrombocytes in patients compared to normal controls [11]. Furthermore, an
elevated neutrophil count has been reported [13,31], and elevated white blood cells [32],
monocytes [32], ferritin [15], triglycerides [18,31], mean corpuscular hemoglobin concen-
tration (MCV) [12], albumin [31], C-reactive protein (CRP) [11,33,34], thyroid stimulating
hormone (TSH) [21,31], alkaline phosphatase (ALP) [32], antinuclear Antibodies IIF [32],
and the complement factors C3 and C4 [35] have also been found in patients compared
to controls. A reduced glucose [36], phosphate [31], iron and transferrin saturation [14],
vitamin B9 [37], high-density lipoprotein-cholesterol (HDL-cholesterol) [15,18,31], and
lower cortisol have also been reported [38–43]. Free T4 has been found to be both ele-
vated [44] and reduced [15], which is also the case for immunoglobulin G (IgG subclass 1
and 2) [24,26,30,32,45,46]. IgG subclasses 3 and 4, however, were reduced [24,45–47], while
Immunoglobulin M (IgM) and Immunoglobulin A (IgA) were found to be elevated [32].
Some of these studies have included routine blood tests, or the equivalent [11,13,17,18,32],
with various routine test panels, whereas other studies have investigated more specific
hypotheses with a limited number of specific blood tests tailored to the hypothesis or in
order to exclude fatigue-related conditions.

Several different diagnostic criteria are in clinical use, ranging from the strict Inter-
national Consensus Criteria (ICC) that capture a condition with more severe symptoms
than the other criteria [1], the more lenient Canadian Consensus Criteria (CCC) [3], and
the most liberal Fukuda definition [2]. Most patients that fulfil the CCC will also fulfil
the Fukuda definition, but the patients fulfilling the CCC may have a higher frequency
and severity of functional impairment and physical and cognitive symptoms than those
fulfilling the Fukuda criteria [7]. The CCC, and in particular ICC, claim to achieve a more
narrow selection of patients, conforming to a hypothesis-specific pathophysiology [48].
It is considered likely that all ME/CFS case definitions capture conditions with different
or multifactorial pathogenesis [48], but to the best of our knowledge there is no previous
study that has explored differences in blood tests according to various diagnostic criteria
for ME/CFS.

Although guidelines for blood sample tests in the diagnostic assessments of ME/CFS
do exist, research is sparse regarding how the results of these tests differ from those of
healthy controls and across patient characteristics. To address this knowledge gap, we
aim to (1) compare the results of routine blood samples from patients and healthy controls
(blood volunteer donors); (2) explore the correlation between the blood tests results, illness
severity and duration within the patient group; and (3) compare results of routine blood
tests between those who fulfill the ICC [1] vs. those only fulfilling the CCC [3] and/or the
Fukuda case definition [2].

2. Materials and Methods

2.1. Participants

In this prospective observational cohort study, a total of 149 ME/CFS patients were
consecutively referred to a tertiary care center for evaluation (Oslo University Hospital,
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Aker, Norway), and 264 healthy volunteer donors, between March 2013 and June 2019,
were asked to participate in a thematic register and Biobank for research purposes. Patients
had to fulfill the Canadian Consensus criteria (CCC) [3] as applied by a clinician, as well as
the following inclusion criteria: aged 18–65 years old and able to understand and speak the
Norwegian language. They were evaluated for eligibility and asked to participate during
their second consultation by a physician.

From March 2013 to August 2015, 34 patients were included in the study. Unfortu-
nately, relevant data for estimating a participation rate was not collected during this period.
From August 2015 to 2019, a total of 288 patients were evaluated for study participation.
Two-hundred-and thirteen were considered eligible for study participation at this time.
One hundred and seventy-one (80%) agreed to participate, while 42 (20%) declined the re-
quest for participation. None were excluded because of age or language, but eight patients
were excluded from the current dataset because they did not fulfill any ME/CFS criteria
according to their DSQ responses. Of the 171 patients that consented to participation, 48
(28%) did not show up for further assessment and were thus excluded from the study. Most
of them reported orally that they felt too ill or fatigued to attend. Thus, 115 patients were
included during this period with an estimated participation rate of 40% (115/288). The
number of included patients were 149 for the whole period from 2013–2019.

The patients gave a blood sample to the ME/CFS research Biobank and filled out
questionnaires with information for the ME/CFS thematic research register. This included
clinical and demographic information on patient history and treatment, epidemiology,
work/social status, and occupation and DSQ.

The healthy control group consisted of 264 first-time blood volunteer donors at the
blood bank at Oslo University Hospital. They were evaluated and no sign of any medical
illness was found. They filled out similar questionnaires as the patients and were recruited
and assessed during the same time period as the inclusion period for the ME/CFS patients.
Both patients and controls were recruited from the area: south-eastern Norway (Helse
Sør-Øst).

2.2. ME/CFS Assessment and Diagnosis

The Canadian Consensus Criteria (CCC) [3] as applied by clinicians were used as
inclusion criteria. This was assessed during a clinical interview by physicians highly expe-
rienced in ME/CFS diagnostics and all patients obtained their diagnosis after a thorough
evaluation in interdisciplinary expert groups. In order to exclude somatic and/or psychi-
atric conditions that could explain the symptoms, several blood tests were taken, and a
clinical psychological interview covering diagnostic assessment was carried out.

2.3. Measures

The DePaul Symptom Questionnaire (DSQ) is a 99 items self-report symptom ques-
tionnaire originally developed in order to meet the need for more reliable diagnostic
categorization of ME/CFS for research purposes [49]. The DSQ can classify patients ac-
cording to three diagnostic criteria sets: the Fukuda, the CCC and the ICC criteria. For
participation in the current study the patients had to fulfil at least one of the diagnostic
criteria according to the DSQ, in addition to the Canadian Consensus criteria (CCC) used
in the clinical interview. The DSQ assesses information on frequency, severity, onset and
duration of symptoms and contains questions on self-reported functioning level classified
as very severely or severely impaired, as moderately or as mild degree of impairment.
The DSQ is developed from a CFS questionnaire with good inter-rater and test–retest
reliability and able to distinguish between CFS, Major Depressive Disorders, and healthy
controls [50]. The DSQ has acceptable convergent and discriminant validity [51], test–retest
reliability [52], sound psychometric properties to correctly classify ME/CFS within the
CCC [53], excellent internal reliability and is able to differentiate between patients and
controls [54]. It was translated into Norwegian and retranslated by a professional translator,
with permission from the developer (Prof. Leonard A. Jason, DePaul University, Chicago,
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IL, USA), and reviewed by researchers and pre-tested in smaller groups of patients [53].
This version has been found useful for detecting and screening symptoms consistent with
a CCC diagnosis showing a sensitivity of 98% and a specificity of 38% [53].

The questionnaires were completed by pen and paper at home before being delivered
at the hospital at the appointment for blood sampling. To prevent missing data, a research
nurse reviewed the questionnaires and the patients were requested to fill in missing data.
Data were collected from the self-report questionnaire DSQ and blood tests. Questions
from DSQ were applied for categorization of the patient groups that were included in the
statistical analyses.

2.4. Patient Groupings: Functional Status, Illness Duration, and Diagnostic Criteria

Function status: The DSQ question 79 was used to categorize patients according to
function impairment level (severe, moderate, and mild). The function level categorized
as ‘severe’ was defined as responding positively to either “I am not able to work or do
anything, and I am bedridden” or “I can walk around the house, but I cannot do light
housework” whereas ‘moderate’ was defined as responding positively to “I can do light
housework, but I cannot work part-time”. The final three statements, “I can only work
part-time at work or on some family responsibilities”, “I can work full time and finish some
family responsibilities but I have no energy left for anything else”, and “I can do all work
or family responsibilities without any problems with my energy” were all categorized as
‘mild’. The ‘severe’ category comprised 43 patients (28.9%), the ‘moderate’ 75 patients
(50.3%), while 31 patients (20.8%) were included in the ‘mild’ category.

Illness duration: Illness duration was assessed by the DSQ question 69 (“How long
ago did your problem with fatigue/energy begin?”) and categorized according to the
following responses; 1–2 years (9.4%), >2 years (79.2%) and problems starting in childhood
(11.4%).

Case criteria applied: The CCC were used as inclusion criteria when the patients
initially were diagnosed by the clinicians. In the current study DSQ was applied for
diagnostic classification based on different diagnostic criteria and this revealed that all the
149 patients fulfilled the Fukuda case definition, and 93.3% (n = 139) fulfilled the CCC, and
63.1% (n = 94) patients fulfilled the ICC criteria.

Case criteria groupings: Patients were divided into one of two following case criteria
groups: “Non-ICC” that comprised those 55 patients (36.9%) who did not fulfill ICC,
but only Fukuda and CCC whereas the “ICC” group consisted of the 94 patients (63.1%)
fulfilling all three criteria included the ICC.

2.5. Blood Collection and Processing

Blood samples were collected by experienced nurse at the ME/CFS outpatient clinic
in Oslo, or bedside for the most severely ill. The samples were delivered to the central
laboratory at Aker Hospital within 30 min from collection and analyzed consecutively.
Some serum samples were transported refrigerated to other hospitals for further processing.
Standard OUS laboratory protocols were used for all collection, tests, and transport.

2.6. Ethics

All participants were informed about the purposes of the study and they signed
a written informed consent form. The study and all data collection, including Biobank
sampling and thematic register were approved by the Institutional Review Board at Oslo
University Hospital (ref: 2011/8355) and the local Regional Committee for Medical and
Health Research Ethics (REC) (REC 2011/473, and REC South-East, 2017/375).

2.7. Statistical Analysis

SPSS (SPSS Inc. Released 2009, PASW Statistics for Windows, Version 25.0. SPSS
Inc., Chicago, IL, USA) was used for all statistical analyses. Descriptive statistics were
conducted for demographics—i.e., age, gender, body mass index (BMI) and level of edu-
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cation. Analyses of covariance (ANCOVAs) were performed to estimate controlled mean
differences between patients and controls for the various biological variables (treated as
dependent variables). Gender and age showed significant associations with the patient-
control dichotomy as well as with duration and level of functioning among patients and
thus were routinely controlled for in the ANCOVAs (procedure UNIANOVA in SPSS) and
in linear regressions.

Data plots were inspected for outliers and outliers or extreme values and—when
present—these were routinely removed from all dependent variables, in concrete terms
by eliminating scores more than three standard deviations above or below the overall
mean. Such a trimming of extreme values on average reduced the number of subjects
with valid scores by less than 1%. In addition, closer inspection revealed that p-values for
the patient versus controls tests were hardly affected at all by the trimming of extreme
scores. Mean differences between groups in continuous variables when tested by t-tests (as
in the present paper) typically require normally distributed variables within groups, but
there is considerable robustness to deviations from normality overall. Log-transformed
versions of dependents were visually inspected and yielded almost identical p-values (for
t-tests) and within-group means (also when adjusted by ANCOVAs) are reported using the
untransformed metric. Units of measurement for the dependent variables are shown as
means and standard deviations in all tables. For illustrative purposes confidence intervals
(CI) have been added after controlled means for patients and controls in Table 2.

Effect sizes for dichotomous and trichotomous independents in Tables 2 and 3 are
cited as “eta”, i.e., the square of root of the variance explained by the groups comprising an
independent, controlling for possible covariates. Effect sizes for linear trends in ordered
trichotomous independents (function status, illness duration), are cited as standardized
betas obtained by OLS. Levels of significance for effect sizes are cited as exact p-values
(Table 2) and routinely categorized (Table 3).

3. Results

3.1. Study Population Characteristics

Demographic and clinical characteristics of the patients and controls are presented in
Table 1. A significant difference in age (p < 0.001) and gender (p = 0.02) between patients
and controls were found and therefore corrected for in ANOVAs. The patients were older
and more likely to be female than controls. There was no significant difference in body
mass index (BMI) between patients and controls (p = 0.91).

Table 1. Mean ± standard deviation, and T-tests conducted on demographic and clinical characteristics for ME/CFS patients
and healthy controls.

Variables
ME/CFS Patients

(n = 149)
Healthy Controls

(n = 264)
p-Values

(Patients vs. Controls)

Age (years) 28 missing 37.7±11.4 31.1±8.4 <0.001

Gender,
Male n (%) 28 (19) 78 (30) 0.02

Female n (%) 121 (81) 186 (70)

Education (years completed),
59 missing

1–10 years (%) 16 (12) 2 (1) <0.001
10–14 years (%) 52 (35) 59 (29)

14–16 (%) 59 (40) 87 (42)
>16 (%) 21 (13) 58 (27)

BMI (kg/m2)
(26 missing)

24.5 (4.7) 24.5 (4.2) 0.91
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3.2. Comparing Patients and Healthy Controls

A higher sedimentation rate (SR) (p = 0.003), leukocytes (p < 0.001), lymphocytes
(p < 0.001), neutrophils (p = 0.003), monocytes (p = 0.005), ferritin (p = 0.008), vitamin B12
(p < 0.001), P-calcium p = 0.005), alanine aminotransferase (ALAT) (p = 0.002), alkaline phos-
phatase (ALP) (p = 0.033), low-density lipoprotein cholesterol (LDL-cholesterol) (p = 0.001),
and free T4 (thyroxine) (p < 0.001) were found among patients compared to controls. Lower
potassium (p < 0.001), creatinine (p = 0.016), and CK (p < 0.001) were found in patients than
in controls. The results are shown in Table 2.

Table 2. Mean scores for routine blood tests in patients with ME/CFS and healthy controls.

ME/CFS Patients Healthy Controls Patients vs. Controls

Variables
Mean ± SD

(95% CI)
n Mean ± SD

(95% CI)
n Mean Difference

(95% CI)
Eta * p-Values

Sedimentation
rate (5.88/4.13)

6.28 ± 7.47
(5.558;7.0003) 123 4.90 ± 5.29

(4.274;5.525) 215 1.38
(0.045;2.714) 0.161 0.003

Hemoglobin
(1.08/13.38)

13.85 ± 1.16
(13.704;13.997) 142 13.85 ± 1.02

(13.723;13.976) 228 0.001
(0.819;1.941) 0.001 0.99

Erythrocytes
(4.50/0.42)

4.65 ± 0.43
(4.591;4.71) 142 4.66 ± 0.41

(4.605;4.707) 228 0.01
(1.291;1.469) 0.001 0.89

Hematocrit
(0.40/0.03)

0.41 ± 2.81
(0.408;0.417) 141 0.41 ± 0.03

(0.41;0.418) 228 0
(−0.252;0.252) 0.031 0.50

MCHC
(33.43/0.93)

33.65 ± 0.96
(33.48;33.81) 142 33.51 ± 0.91

(33.37;33.656) 228 0.14
(−1.765;2.045) 0.063 0.20

MCV
(89.19/3.63)

88.85 ± 5.29
(88.219;89.481) 141 89.20 ± 4.72

(88.656;89.746) 227 0.35
(−1.799;2.499) 0.045 0.38

Thrombocytes
(242.91/53.84)

241.82 ± 74.41
(232.16;251.487) 140 236.84 ± 50.99

(228.512;245.17) 228 4.98
(−9.153;19.113) 0.045 0.41

Leukocytes
(5.42/1.46)

5.76 ± 1.74
(5.504;6.024) 139 5.17 ± 1.37

(4.946;5.393) 228 0.59
(0.248;0.932) 0.187 <0.001

Lymphocytes
(1.91/0.59)

2.03 ± 0.65
(1.925;2.133) 142 1.76 ± 0.53

(1.672;1.852) 227 0.27
(0.145;0.395) 0.210 <0.001

Neutrophils
(2.92/1.02)

3.11 ± 1.24
(2.928;3.292) 139 2.77 ± 1.06

(2.618;2.931) 226 0.34
(0.089;0.591) 0.105 0.003

Monocytes
(0.42/0.13)

0.46 ± 0.16
(0.439;0.484) 140 0.42 ± 0.12

(0.401;0.4441) 226 0.39
(0.309;0.371) 0.148 0.005

Eosinophils
(0.17/0.12)

0.18 ± 0.11
(0.154;0.199) 142 0.18 ± 0.11

(0.155;0.195) 228 0.04
(0.017;0.063) 0.001 0.912

Basophils
(0.02/0.04)

0.03 ± 0.05
(0.023;0.038) 141 0.02 ± 0.13

(0.016;0.029) 227 0.002
(0.017;0.021) 0. 110 0.072

hsCRP
(2.50/2.48)

2.7 ± 4.61
(2.093;3.319) 87 2.10 ± 4.88

(1.551;2.629) 129 0.61
(−0.668;1.888) 0.110 0.112

TIBC
(63.51/10.27)

60.57 ± 6.84
(56.799;64.332) 38 63.50 ± 9.91

(60.601;66.392) 64 2.93
(−1.43;7.29) 0.138 0.171

Ferritin
(70.59/56.67)

110.45 ± 80.81
(91.389;129.509) 37 82.32 ± 54.33

(68.036;96.609) 64 28.13
(−1.41;–57.67) 0.265 0.009

Vitamin B12
(351.17/135.23)

409.7 ± 222.61
(385.366;434.060) 135 326.24 ± 113.6

(305.516;346.954) 229 83.43
(62.89;124.21) 0.281 <0.001

Vitamin B9
(19.19/7.72)

18.36 ± 9.53
(16.909;19.816) 131 18.72 ± 7.22

(17.486;19.949) 226 0.36
(−1.544;–2.264) 0.001 0.693

Sodium
(104.15/1.85)

140.34 ± 2.13
(140.013;140.667) 144 140.28 ± 1.68

(139.999;140.566) 230 0.06
(−0.16;–0.27) 0.001 0.779

Potassium
(3.82/0.22)

3.81 ± 0.26
(3.77;3.845) 143 3.92 ± 0.25

(3.884;3.949) 229 0.11
(0.056;0.164) 0.235 <0.001

P-calcium
(2.30/0.075)

2.3 ± 0.08
(2.307;2.33) 143 2.30 ± 0.25

(2.286;2.308) 230 0.02
(−0.02;0.06) 0.145 0.005

S-calcium
(1.22/0.034)

1.22 ± 0.03
(1.217;1.229) 143 1.22 ± 0.08

(1.212;1.223) 228 0
(−0.02;–0.06) 0.077 0.138

Phosphate
(1.03/0.17)

1.03 ± 0.17
(1.002;1.061) 144 1.01 ± 0.17

(0.984;1.035) 230 0.02
(0;0.038) 0.020 0.240
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Table 2. Cont.

ME/CFS Patients Healthy Controls Patients vs. Controls

Variables
Mean ± SD

(95% CI)
n Mean ± SD

(95% CI)
n Mean Difference

(95% CI)
Eta * p-Values

ASAT
(21.63/5.68)

22.03 ± 15.3
(21.044;23.008) 142 22.79 ± 8.64

(21.944;23.643) 227 0.76
(−2.035;3.545) 0. 063 0.211

ALAT
(19.32/9.77)

23.24 ± 26.06
(21.511;24.960) 142 19.94 ± 13.35

(19.444;21.426) 228 3.3
(−1.37;7.971) 0.158 0.002

CK
(94.06/66.91)

84.33 ± 34.43
(73.708;95.061) 144 121.90 ± 282.88

(112.559;131.231) 224 37.57
(0.282;75.422) 0.281 <0.001

Creatinine
(68.46/11.03)

70.16 ± 11.59
(68.435;71.886) 143 72.76 ± 11.88

(71.263;74.259) 227 2.6
(0.126;5.074) 0.126 0. 016

HDL-cholesterol
(1.54/0.38)

1.37 ± 0.4
(1.227;1.502) 38 1.50 ± 0.4

(1.395;1.608) 63 0.13
(−0.303;0.043) 0.176 0.082

LDL-cholesterol
(2.77/0.42)

3.16 ± 0.88
(2.921;3.393) 37 2.71 ± 0.7

(2.530;2.894) 63 0.45
(0.104;0.796) 0.324 0.001

Triglycerides
(1.03/0.53)

1.29 ± 1.44
(1.096;1.474) 36 1.10 ± 0.43

(0.953;1.247) 63 0.19
(−0.312;0.692) 0.176 0.084

Albumin
(43.38/2.56)

43.91 ± 2.95
(43.055;44.757) 38 44.23 ± 2.25

(43.577;44.885) 64 0.32
(2.154;2.795) 0.071 0.500

Total protein
(70.80/3.51)

72.53 ± 3.6
(71.277;73.784) 38 71.00 ± 8.57

(70.032;71.962) 63 1.53
(−0.945;4.005) 0.214 0.033

TSH
(1.92/0.94)

1.93 ± 0.98
(1.756;2.101) 143 1.89 ± 1.34

(1.739;2.040) 220 0.04
(−0.081;0.279) 0.001 0.721

IgG4
(0.49/0.45)

0.64 ± 0.38
(0.471;0.809) 36 0.54 ± 0.29

(0.413;0.669) 62 0.1
(−0.082;0.282) 0.110 0.296

IgA
(2.03/0.77)

2.22 ± 0.82
(1.929;2.515) 37 2.13 ± 0.96

(1.903;2.348) 62 0.1
(−0.182;0.475) 0.063 0.559

IgM
(1.08/0.41)

1.06 ± 0.62
(0.904;1.218) 35 0.96 ± 0.47

(0.841;1.074) 62 0.1
(−0.142;0.342) 0.122 0.241

Rheumatoid
factor IgA
(2.55/2.68)

2.89 ± 12.99
(2.412;3.368) 133 2.61 ± 0.96

(2.205;3.017) 221 0.28
(−2.021;2.305) 0.055 0.348

Rheumatoid
factor IgM
(5.51/4.74)

6.02 ± 13.87
(5.155;6.883) 137 5.26 ± 4.73

(4.521;5.996) 227 0.76
(−1.743;3.263) 0.077 0.156

Anti-CCP
(0.85/0.77)

0.94 ± 0.48
(0.641;1.239) 37 0.88 ± 0.6

(0.655;1.104) 63 0.06
(−0.159;0.279) 0.032 0.717

* Values are presented as means ± standard deviation (SD) including confidence interval (95% CI) controlled for gender and age differences
by ANCOVA. Effect sizes (Eta) by OLS.

3.3. Comparing Subgroups of Patients between Blood Tests, Clinical Characteristics, and Case
Criteria for ME/CFS

Comparing blood results across function impairment status among patients revealed
a significant difference in potassium levels (p = 0.048), CK (p < 0.001) and creatinine
(p = 0.018), all variables increasing with decreasing function level while ASAT (p = 0.042)
and ALAT (p = 0.023) decreased with more severely impaired function level. Longer illness
duration was only significantly associated with potassium levels (p = 0.007) that decreased
with longer duration. The only difference between different diagnostic criteria was a higher
creatinine (p = 0.015) among the “non-ICC” group. The results are shown in Table 3.
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Table 3. Comparison of baseline mean scores for routine blood tests among ME/CFS patients based on functional status
assessment, illness duration, and case criteria for ME/CFS among participants.

Function Status Illness Duration Case Criteria

Variables
(Mean ± SD)

Severe
(n = 43)

Moderate
(n = 75)

Mild
(n = 31)

Beta
Eta

1–2
Years

(n = 14)

>2
Years

(n = 118)

Since
Child-
hood

(n = 17)

Beta
Eta

Non-ICC
(n = 55)

ICC
(n = 94)

Beta

Sedimentation rate
(7.24 ± 4.46) 6.09 5.88 6.38

0.017
0.045
(ns)

6.70 6.30 3.92
−0.129
0.184
(ns)

5.86 6.16 0.039
(ns)

Hemoglobin (13.3 ± 1.17) 13.85 13.89 14.00
0.043
0.055
(ns)

13.58 13.91 14.09
0.085
0.13
(ns)

13.90 13.91 −0.002
(ns)

Erythrocytes (4.46 ± 0.43) 4.65 4.63 4.70
0.042
0.084
(ns)

4.56 4.65 4.67
0.037
0.077
(ns)

4.65 4.64 −0.011
(ns)

Hematocrit (0.40 ± 0.034) 0.41 0.41 0.42
0.059
0.089
(ns)

0.40 0.41 0.42
0.076
0.015
(ns)

0.41 0.41 0.029
(ns)

MCHC (33.45 ± 0.96) 33.65 33.77 33.54
−0.035

0.10
(ns)

33.81 33.67 33.76
0.009
0.055
(ns)

33.80 33.61 −0.088
(ns)

MCV (89.47 ± 3.41) 88.90 89.09 89.40
0.050
0.055
(ns)

88.44 89.11 89.58
0.078
0.077
(ns)

88.74 89.41 0.098
(ns)

Thrombocytes
(242.45 ± 58.26) 248.99 244.11 238.64

−0.057
0.063
(ns)

230.13 245.27 247.14
0.048
0.077
(ns)

238.38 248.60 0.08
(ns)

Leukocytes (5.87 ± 1.55) 5.78 5.75 5.52
−0.055
0.063
(ns)

5.27 5.79 5.56 0.022
0.10 (ns) 5.62 5.78 0.043

(ns)

Lymphocytes (2.05 ± 0.66) 2.09 1.98 1.99
−0.058
0.071
(ns)

1.72 2.05 1.98 0.081
0.14 (ns) 1.99 2.02 0.027

(ns)

Neutrophils (3.20 ± 1.11) 3.02 3.15 2.87
−0.034

0.10
(ns)

2.89 3.11 2.86
−0.035
0.089
(ns)

3.02 3.09 0.023
(ns)

Monocytes (0.45 ± 0.15) 0.47 0.45 0.44
−0.052
0.063
(ns)

0.41 0.46 0.45
0.042
0.089
(ns)

0.43 0.47 0.14
(ns)

Eosinophils (0.17 ± 0.11) 0.18 0.18 0.18
−0.021
0.032
(ns)

0.21 0.17 0.20
−0.024
0.122
(ns)

0.19 0.17 −0.10
(ns)

Basophils (0.029 ± 0.045) 0.034 0.032 0.029
−0.041
0.044
(ns)

0.028 0.033 0.031
0.004
0.032
(ns)

0.028 0.035 0.071
(ns)

hsCRP
(1.39 ± 1.86) 0.82 1.15 1.62

0.15
0.15
(ns)

1.05 1.27 0.67
−0.045

0.11
(ns)

1.33 1.032 −0.076
(ns)

Vitamin-B12 (407.74 ± 163) 440.31 386.16 415.44
−0.058

0.14
(ns)

428.75 405.09 382.37
−0.074
0.063
(ns)

406.79 402.31 −0.021
(ns)

Vitamin-B9 (19.21 ± 8.89) 20.72 16.94 18.55
−0.10
0.18
(ns)

19.23 18.53 15.54
−0.12
0.12
(ns)

18.89 7.64 −0.070
(ns)

Sodium (140.03 ± 2.13) 104.20 140.70 139.95
−0.025

0.15
(ns)

140.99 140.49 139.63
−0.13
0.15
(ns)

140.66 140.23 −0.093
(ns)

Potassium (3.77 ± 0.24) 3.76 3.82 3.87 0.16 *
0.17 4.01 3.80 3.77 −0.21 **

0.27 ** 3.82 3.81 −0.019
(ns)

P-calcium (2.30 ± 0.075) 2.33 2.32 2.32
−0.087

0.11
(ns)

2.35 2.32 2.30
−0.14
0.16
(ns)

2.33 2.31 −0.12
(ns)

S-calcium (1.22 ± 0.034) 1.23 1.22 1.22
−0.060
0.063
(ns)

1.23 1.22 1.23
0.046
0.11
(ns)

1.22 1.23 0.076
(ns)

Phosphate (1.03 ± 0.17) 1.042 1.022 1.021
−0.046
0.055
(ns)

1.078 1.019 1.034
−0.024
0.095
(ns)

1.019 1.033 0.048
(ns)

ASAT (20.92 ± 5.24) 23.092 22.13 20.51 −0.17 *
0.17 22.11 22.24 20.67

−0.068
0.095
(ns)

21.61 22.31 0.065
(ns)

ALAT(21.063 ± 11.67) 26.83 23.031 20.58 −0.19 *
0.20 21.93 24.17 20.26

−0.067
0.12
(ns)

22.53 25.097 0.056
(ns)

CK (67.66 ± 34.50) 64.85 87.091 88.34 0.25 ***
0.34 *** 68.41 82.55 88.032

0.11
0.15
(ns)

87.32 77.75 −0.14
(ns)

Creatinine (65.79 ± 10.75) 68.089 70.81 73.38 0.17 *
0.2 65.53 71.34 71.14 0.097 *

0.18 72.90 68.99 −0.18 *

TSH (1.94 ± 0.98) 1.82 1.99 2.16
0.12
0.12
(ns)

1.66 2.040 1.87
0.041
0.12
(ns)

2.034 1.94 −0.043
(ns)
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Table 3. Cont.

Function Status Illness Duration Case Criteria

Variables
(Mean ± SD)

Severe
(n = 43)

Moderate
(n = 75)

Mild
(n = 31)

Beta
Eta

1–2
Years

(n = 14)

>2
Years

(n = 118)

Since
Child-
hood

(n = 17)

Beta
Eta

Non-ICC
(n = 55)

ICC
(n = 94)

Beta

Rheumatoid factor-IgA
(2.76 ± 2.64) 2.55 2.95 2.41

−0.0090
0.089
(ns)

2.94 2.58 3.63
0.063
0.12
(ns)

3.24 2.42 −0.15
(ns)

Rheumatoid factor-IgM
(6.12 ± 4.56) 6.12 5.47 6.62

0.028
0.1

(ns)
5.98 5.79 6.095 0.016

0 (ns) 6.47 5.42 −0.11
(ns)

Means and t-tests controlled for age, gender, and BMI among the participants. Values are presented as mean ± SD. A significance threshold
was set at * p < 0.05, ** p< 0.01, and *** p < 0.001.

4. Discussion

Our main findings include a lower creatin kinase (±CK) value in routine blood
samples among patients than among controls, and lower in those with severe function
impairment ME/CFS compared to moderate and mild function impairment. This is in
line with the results by Nacul et al. [11]. No differences in blood results were found
when comparing categories of illness duration, which could have potentially explained
these CK result, because inactivity is known to cause muscle loss and therefore could
potentially have influenced the CK level. CK is an enzyme important for energy production,
especially in tissues with high and fluctuating energy demands, such as the brain, skeletal
muscle, and heart. One of the functions is to maintain constant levels of ATP, acting as a
transport mechanism [55]. Measures of CK in the blood might indicate the availability of
cellular energy [56]. While an elevated CK is more thoroughly studied, a low CK has been
reported less frequently [11], but might be associated with muscle weakness in rheumatoid
arthritis [57]. In studies of Huntington’s disease, it has been suggested that the loss of
CK in the brain may be an important factor for reduced brain energy [11]. As Nacul
et al. have suggested, the low concentration in CK among ME/CFS patients, could reflect
abnormalities in energy metabolism, which could explain the exertion intolerances that
are often reported by patients. Alternatively, it could result from physical inactivity [11].
Our results may indicate that CK could be a possible candidate as a potential marker for
ME/CFS. However, the level was within the reference range and there are many factors
that can influence CK to be used as a biomarker. It should also be emphasized that CK
measured in plasma represents CK from skeletal muscles. Thus, the role of CK in ME/CFS
patients should be further explored in future studies.

The creatinine level was also significantly lower among patients than controls and
related to severity of impairment with lower levels in those with more severe impairment.
This is also found by Nacul et al. that suggested a possible explanation of a low creatinine
being the result of poor conversion of creatinine phosphate to creatinine in muscle by CK
that could explain the low levels of creatinine [11]. The creatinine level was also lower
among the ICC group those fulfilling all case criteria including the most stringent ICC-
criteria compared to the non-ICC group those fulfilling only Fukuda definition and CCC,
similarly to what we see comparing patients to healthy controls. In the absence of a similar
correlation for CK, this difference in diagnosis is harder to explain by such a mechanism.

We also found results somewhat in line with a potentially increased inflammation,
with sedimentation rate, leukocytes, lymphocytes, monocytes, and ferritin being higher
among patients. The difference, although being highly significant, is small throughout
and within the normal range—i.e., 0.53-point difference for leukocytes—and might not
be clinically relevant. These findings are similar to those of previous studies, e.g., Bates
et al. [32] and may possibly support the idea of a low-grade inflammation in ME/CFS
patients. Furthermore, other inflammation parameters, such as CRP, were not significantly
different between groups.

Vitamin B12 was higher among patients than controls, but among patients there was
no correlation with severity, duration or diagnostic criteria. A possible explanation for this
may be that ME/CFS patients frequently take dietary supplements [19]. Unfortunately,
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we did not register intake of dietary supplements and/or concomitant medications and
thus lack such data. It has been suggested that a B12 supplement could be beneficial for
ME/CFS patients [58].

An unfavorable lipid profile has been described among ME/CFS patients [18]. We
discovered an increase in low density lipoproteins-cholesterol (LDL-cholesterol). However,
these values are still within normal ranges.

Other results that are more difficult to explain are moderately lower potassium among
patients, which decreased with severity and illness duration, and increased calcium and
protein. ALAT was also higher among patients, and both ALAT and ASAT increased with
severity. The differences are small, however, and may not be clinically significant, although
statistically so. No comparable research that could explain these differences with any
certainty is known to the authors. Furthermore, we conducted a large number of analyses
and thus some of our results may have occurred by random (we did not apply Bonferroni
tests).

Strengths and Limitations

The patients were older and more likely to be female than the controls, but this was
controlled for in the statistical analyses. Female gender is more common in the ME/CFS
population, and this is therefore representative for this population. There was also a
difference in level of education between patients and controls, but education was not
related to any of the dependent variables and thus not corrected for. We did not collect
information about potential differences in muscle mass and physical activity from study
participants. This could potentially be relevant for the observed difference in circulating
CK and creatinine levels in study patients. A significant difference in BMI was not found.
BMI is not an indicator of body composition.

We did not include patients younger than 18 or older than 65 years or those using
another language than Norwegian. Generalization to recent immigration groups and other
age groups, for example, should therefore be made with caution.

Furthermore, Aker Hospital is a tertiary care center to which patients with complex
symptoms, co-morbid somatic or psychiatric conditions and patients who are difficult
to manage in routine clinical contexts are mostly referred. Therefore, generalizing to
ME/CFS patients as a group should be done with caution. The interdisciplinary diagnostic
evaluation procedures were extensive however, so we regard it as most/extremely likely
that our patients are correctly diagnosed, and this is a strength of this study. Other strengths
are a relatively high number of ME/CFS patients and healthy donoors, and a large variety
of variables.

Our participation rate is estimated to be around 40%, but we unfortunately lack
data allowing us to compare participants with non-participants (e.g., with respect to
demographic and clinical characteristics). We are aware that many listed patients are
feeling too ill/fatigued to participate, and this could imply that we have a selection bias
against those who are most severely affected. On the other hand, ME/CFS is characterized
by symptom fluctuations and it may also have been the case that those who eventually
could not participate as agreed in the data collection experienced a bad period with a
transient symptom increase without necessarily having a permanently low level of function.
In this regard, around 28% of the patients are in the group with the lowest level of function.
This is about what we find it in the general ME/CFS population [8].

5. Conclusions

Results of several routine blood tests of ME/CFS patients differed from those healthy
controls. Our findings particularly highlight that decreased creatinine and CK levels may
indicate greater muscle damage and metabolic disturbances in ME/CFS patients and is
worthy of future studies. This is also true of results that may indicate a possible low-grade
inflammation in ME/CFS patients.
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Abstract: Background: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a poorly
understood, complex, multisystem disorder, with severe fatigue not alleviated by rest, and other
symptoms, which lead to substantial reductions in functional activity and quality of life. Due
to the unclear aetiology, treatment of patients is complicated, but one of the initial problems is
the insufficient diagnostic process. The increase in the number of undiagnosed ME/CFS patients
became specifically relevant in the light of the COVID-19 pandemic. The aim of this research was
to investigate the issues of undiagnosed potential ME/CFS patients, with a hypothetical forecast of
the expansion of post-viral CFS as a consequence of COVID-19 and its burden on society. Methods:
The theoretical research was founded on the estimation of classic factors presumably affecting the
diagnostic scope of ME/CFS and their ascription to Latvian circumstances, as well as a literature
review to assess the potential interaction between ME/CFS and COVID-19 as a new contributing
agent. The empirical study design consisted of two parts: The first part was dedicated to a comparison
of the self-reported data of ME/CFS patients with those of persons experiencing symptoms similar
to ME/CFS, but without a diagnosis. This part envisaged the creation of an assumption of the
ME/CFS shadow burden “status quo”, not addressing the impact of COVID-19. The second part
aimed to investigate data from former COVID-19 patients’ surveys on the presence of ME/CFS
symptoms, 6 months after being affected by COVID-19. Descriptive and analytical statistical methods
were used to analyse the obtained data. Results: The received data assumed that the previously
obtained data on the ME/CFS prevalence of 0.8% in the Latvian population are appropriate, and the
literature review reports a prevalence of 0.2–1.0% in developed countries. Regarding the reciprocity
of ME/CFS and COVID-19, the literature review showed a lack of research in this field. The empirical
results show quite similar self-esteem among ME/CFS patients and undiagnosed patients with
longstanding disease experience, while former COVID-19 patients show a significantly lower severity
of these problems. Notably, “psychological distress (anxiety)” and “episodic fatigue” are significantly
predominant symptoms reported by former COVID-19 patients in comparison with ME/CFS patients
and undiagnosed patients prior to the COVID-19 pandemic. The results of our analysis predict
that the total amount of direct medical costs for undiagnosed patients (out-of-pocket payments)
is more than EUR 15 million p.a. (in Latvia), and this may increase by at least 15% due to the
consequences of COVID-19. Conclusions: ME/CFS creates a significant shadow burden on society,
even considering only the direct medical costs of undiagnosed patients—the number of whom in
Latvia is probably at least five times higher than the number of discerned patients. Simultaneously,
COVID-19 can induce long-lasting complications and chronic conditions, such as post-viral CFS,
and increase this burden. The Latvian research data assume that ME/CFS patients are not a high-
risk group for COVID-19; however, COVID-19 causes ME/CFS-relevant symptoms in patients.
This increases the need for monitoring of patients for even longer after recovering from COVID-
19′s symptoms, in order to prevent complications and the progression of chronic diseases. In the
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context of further epidemiological uncertainty, and the possibility of severe post-viral consequences,
preventive measures are becoming significantly more important; an integrated diagnostic approach
and appropriate treatment could reduce this burden in the future.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; ME/CFS; COVID-19; diagnostic;
impact on society

1. Introduction

In recent years, the preconditions for an increase in the number of myalgic en-
cephalomyelitis/chronic fatigue syndrome (ME/CFS) patients have emerged, and the
growth rate might be contributed to by the COVID-19 pandemic. COVID-19 can induce
long-lasting complications and chronic conditions such as post-viral CFS, which is a poorly
understood, serious, complex, multisystem disorder, characterised by symptoms lasting
at least six months, with severe incapacitating fatigue not alleviated by rest, and other
symptoms—many autonomic or cognitive in nature—including profound fatigue, cogni-
tive dysfunction, sleep disturbances, muscle pain, and post-exertional malaise, which lead
to substantial reductions in functional activity and quality of life [1].

The prevalence of this disease in developed countries appears to be within the range
of 0.2–1%, but this is highly dependent on case definition, geographical area, gender, and
age [2]. This disease most commonly occurs between the ages of 20 and 50 years [1],
thus causing a significant burden on people of working age and society as a whole. Sys-
tematic review and meta-analysis of the prevalence of (ME/CFS), performed in 2020,
comprehensively estimated the prevalence of ME/CFS at 0.89%, with women approxi-
mately 1.5–2-fold higher than men in all categories. However, the prevalence rates varied
widely—particularly by case definitions and diagnostic methods [3].

In Latvia, the number of patients diagnosed with ME/CFS is significantly lower than
suggested by the data available in scientific literature on the prevalence of this disease.
Therefore, within the framework of this study, it was planned to compare the self-reported
data on observed symptoms in ME/CFS patients with those in persons experiencing
symptoms similar to those of ME/CFS, but without a diagnosis. This was necessary in
order to assess the likelihood and extent of latent ME/CFS in Latvia. Simultaneously, it has
been hypothesised that COVID-19 might contribute to the number of undiagnosed patients
with ME/CFS, and the obtained results are expected to be relevant to other countries
as well.

In Latvia, the first confirmed COVID-19 cases were discerned in March 2020 (Figure 1).
Consequently, in the autumn of 2020, circumstances allowed for the analysis of 6 months
of ME/CFS-specific exposure data for patients affected by COVID-19 in March 2020.

The number of patients affected by COVID-19 was relatively small in March 2020, and
this allowed us to develop a high-coverage cohort to conduct the study. Additionally, a
literature review was performed to compare the data obtained in this empirical study with
data from other studies. The literature review was devoted to the classic factors assumedly
affecting the diagnostic scope of ME/CFS, and the causal interaction between ME/CFS
and COVID-19 as a new contributing factor.
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Figure 1. World Health Organisation Coronavirus (COVID-19) Dashboard, confirmed cases in Latvia, March 2020–May
2021 [4].

Consequently, the aim of this research was to investigate the issues of potential
undiagnosed ME/CFS patients in Latvia, with a hypothetical forecast of the expansion of
a post-viral CFS as a consequence of COVID-19 and its burden on society. The burden of
undiagnosed ME/CFS can be described as a shadow burden. To achieve the aim of this
research, the following tasks were defined:

• Estimate the literature on classic factors presumably affecting the diagnostic scope
of ME/CFS, and their ascription to Latvian circumstances, as well as conducting a
literature review to assess the potential relationship between ME/CFS and COVID-19
as a new contributing agent, and its reflection in scientific literature;

• Analyse data from the survey performed both for ME/CFS patients and for persons
experiencing symptoms similar to those of ME/CFS, but without a diagnosis (prior
to the COVID-19 pandemic), in order to compare the certain socioeconomic and
disease management aspects for patients and potential undiagnosed patients. Data
from the ME/CFS patients’ survey were previously analysed in a comparative study
with Italy and the UK. Conversely, the data from undiagnosed patients were not
analysed previously; nevertheless, these data create significant potential for assessing
the shadow impact of ME/CFS;

• Test the possible interaction between COVID-19 and ME/CFS in Latvian circum-
stances, by conducting a survey of former COVID-19 patients on the presence of
ME/CFS symptoms;

• Make preliminary predictions on the potential shadow impact of ME/CFS on society,
limiting this study to direct costs for patients.

The first section of this article is devoted to theoretical aspects and literature review,
followed by the description of the methods and materials used in the empirical research,
and the presentation of the results. The discussion section draws attention to the potential
impact of ME/CFS on society in the light of COVID-19. The publication is finalised by
conclusions and recommendations for further research.

2. Theoretical Background and Literature Review

Theoretical contemplations are elaborated in this section, with the initial focus on
classic factors assumedly affecting the diagnostic scope of ME/CFS, and their ascription to
Latvian circumstances. The classification of diagnoses is one of these factors, and the World
Health Organisation’s approach is used for these purposes in Latvia. To classify ME/CFS
by the World Health Organisation’s International Statistical Classification of Diseases and
Related Health Problems (ICD-10), mainly, two ICD-10 codes—code G93.3 (post-viral
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fatigue syndrome/myalgic encephalomyelitis (ME)) and code 52.82 (chronic fatigue syn-
drome (CFS))—are used [5]. Myalgic encephalomyelitis (ME), identified as a new clinical
entity with distinctive features in 1956, was originally considered to be a neuromuscular
disease [6]. In turn, several case definitions were developed in order to improve the com-
parability and reproducibility of clinical research and epidemiologic studies. Since the first
”ME” case definition was developed in 1986, 25 case definitions/diagnostic criteria were
created based on three conceptual factors (aetiology, pathophysiology, and exclusionary
disorders). These factors can be categorized into four categories (ME, ME/CFS, CFS, and
SEID (systemic exertion intolerance disorder)) [7].

There are eight most prominently cited case definitions and diagnostic criteria, which
can be applied for each of the following categories:

• CFS (Fukuda et al. (US Centre for Disease Control (CDC, 1994)) [8], Holmes et al.
(1988) [9], Australian (1990) [10], Oxford (1991) [11]);

• ME (Ramsay et al. (1992) [12] and International Consensus Criteria (ICC, 2011) [13]);
• ME/CFS (Canadian Consensus Criteria (CCC, 2003) [14]), and;
• SEID (IOM, 2015) [15], according to the focus of the primary disorder [7].

SEID was proposed by the Institute of Medicine (IOM, now the National Academies
of Medicine (NAM), Washington, DC, USA) to resolve diagnostic confusion, as a new
clinical entity to replace ”ME/CFS”. SEID is defined by chronic fatigue, post-exertional
“malaise”, and unrefreshing sleep, as well as orthostatic intolerance and/or cognitive
impairment [16]. However, SEID case criteria do not do justice to either ME or CFS, nor
to their definitions. Furthermore, in addition to the theoretical impossibility of replacing
two different definitions with a new definition, the SEID case criteria are also applicable to
subsets of people with other diseases—for example, multiple sclerosis (MS) and lupus—
and psychological conditions—for example, major depression—while only a subset of
people with the diagnosis of CFS meet the diagnosis of SEID.

The introduction of SEID did not resolve the impasse, but highlighted the uncertainties
of the diagnoses and the need to seek new approaches to improve the diagnostic process.

The authors of this article assume that the discovery of biomarkers and the use of
machine learning capacities are the most state-of-the-art approaches to improve the diag-
nostic process. Several original studies and literature reviews demonstrate the potential of
biomarkers in the diagnosis of ME/CFS, and the contribution of precision medicine and
personalised healthcare [17–19]. The European ME/CFS Research Network (EUROMENE)
(in which Latvia is represented by the Riga Stradins University) has established a database
for active biomarker research in Europe, called the EUROMENE ME/CFS Biomarker
Landscape project [20]. In Latvia, the investigation of ME/CFS biomarkers is also encour-
aged and supported by the Latvian Science Council’s Fundamental and Applied Research
project No lzp-2019/1-0380 “selection of biomarkers in ME/CFS for patient stratification
and treatment surveillance/optimisation”.

In turn, artificial intelligence and machine learning can greatly support the diagnostic
process; however, problems with the initial identification of patients remain topical. In this
process, general practitioners (GPs) have an important role, and EUROMENE participants
performed a literature review of GPs’ knowledge and understanding of ME/CFS (papers
were mostly from the United Kingdom), concluding that disbelief and lack of knowledge
and understanding of ME/CFS among GPs is widespread, and the resultant diagnostic de-
lays constitute a risk factor for severe and prolonged disease. Failure to diagnose ME/CFS
renders attempts to determine its prevalence and, hence, its economic impact, problem-
atic [21]. In addition, a survey of academic and clinical experts who are participants in
EUROMENE was conducted to elicit perceptions of GPs knowledge and understanding of
ME/CFS, and the results of this survey reported that lack of knowledge and understanding
of ME/CFS among GPs is a major cause of missed and delayed diagnoses, which renders
attempts to determine the incidence and prevalence of the disease, and to measure its
economic impact, problematic. It also contributes to the burden of disease through mis-
management in its early stages [22]. A comparative survey of people with ME/CFS in Italy,
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Latvia, and the United Kingdom, performed on behalf of the Socioeconomics Working
Group of the EUROMENE, indicated that GPs more frequently had principal responsibility
for medical care in Latvia than in Italy or the UK, and this probably reflects the fact that
in Latvia GPs perform the gatekeeper role for patients in the diagnostic and treatment
process [23].

An additional determining factor is the patients’ engagement in outcome measure-
ment and disease management. A literature review performed 10 years ago drew conclu-
sions that the quality and acceptability of reviewed patient-reported outcome measures
(PROMs) were limited, and recommendations for patient-reported assessment were diffi-
cult [24]. Clear discrepancies existed between what was measured in research and how
patients defined their experience of ME/CFS. It was recommended that future PROM
development/evaluation must seek to involve patients more collaboratively, in order to
measure outcomes of importance using relevant and credible methods of assessment [24].
10 years later, the situation is more comprehensive, and one literature review defines in
total 15 patient-reported outcome (PRO)-derived tools (used in 50 randomised clinical
trials (RCTs)) along with two behavioural measurements for adolescents (4 RCTs). The
review comprehensively provides the choice pattern of the assessment tools for interven-
tions in RCTs for ME/CFS [25]. However, the environment of RCTs is different from the
environment in which patients live daily.

Taking into account the identified challenges that accompanied the process of col-
lecting PROs in the daily lives of ME/CFS patients, EUROMENE member countries’
representatives have defined a view on the creation of an app and a web platform for
ME/CFS patients’ self-empowerment and disease management, where the target users
are people suffering from ME/CFS, and the practical challenge is diagnosis, stratification,
and monitoring of ME/CFS at the level of the GP, supported by the virtual doctors’ consor-
tium, as well as patient self-awareness and proper practical navigation in the healthcare
system [26]. This project is currently in the process of seeking funding.

At the same time, the COVID-19 pandemic, resulting from severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has severely impacted the population worldwide,
with a great mortality rate. According to the lessons from past epidemics, previous research
on post-epidemic and post-infection recovery has suggested that the complications include
the development of severe fatigue. Certain factors, such as the severity of infection, in
addition to the “cytokine storm” experienced by many COVID-19 patients, may contribute
to the development of later health problems [27].

In the light of COVID-19′s epidemiological uncertainty, the issues of the causes and
consequences of the disease remain topical, and CFS is a possible predictor and consequence
of COVID-19. A literature review, which included 1161 primary studies published between
January 1979 and June 2019, concluded that the four most common causal factors of
ME/CFS were: immunological (297 studies), psychological (243), infections (198), and
neuroendocrine (198) [28]. The causes can be broadly characterized according to primary
disorder (ME—viral, CFS—unknown, ME/CFS—inflammatory, SEID—multisystemic),
compulsory symptoms (ME and ME/ CFS—neuroinflammatory, CFS and SEID—fatigue
and/or malaise), and required conditions (ME—infective agent, ME/CFS, CFS, SEID—
symptoms associated with fatigue, e.g., duration of illness) [7].

Therefore, the increase in the number of undiagnosed ME/CFS patients is becoming
specifically relevant in the light of the COVID-19 pandemic. Theoretically, the economic
impact assessment of this disease could be based on the current level of costs (direct,
indirect, and intangible) to society, by modelling and forecasting techniques. However,
data on the prevalence of ME/CFS are widely dispersed, and data on financial impact are
even more uncertain. In the framework of EUROMENE, representatives of Ireland in the
Socioeconomic Working Group have performed a qualitative study on understanding the
economic impact of ME/CFS in Ireland [29]. The identified healthcare barriers and costs
are described in Figure 2.
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Figure 2. Economic impact of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) [29].

Participants in the mentioned study described a range of problems and costs that
related to getting a diagnosis of ME/CFS. As described in the study, for some it took years,
with numerous visits to GPs, consultants, and other healthcare professionals, for their
illness to be identified or even acknowledged. Participants highlighted how they were
often passed from one healthcare professional to another. In many cases, consultations to
get a diagnosis were paid for out-of-pocket, at significant personal cost [29].

In the theoretical research on the causal interaction between ME/CFS and COVID-19,
the purpose was to identify the main findings regarding the reciprocity of ME/CFS and
COVID-19. The search was performed on Medline (via PubMed) and other relevant
scientific databases (without restriction for publishing period). The following search key
words were used: (“COVID-19”) OR (“coronavirus”) OR (“SARS-COV-2”) AND (“chronic
fatigue syndrome”) OR (“myalgic encephalomyelitis”) OR (“CFS”) OR (“ME/CFS”). The
flow diagram of the selection process is shown in Figure 3.

 

Figure 3. Flow diagram of the selection process for the literature review on the possible interaction
between ME/CFS and COVID-19.
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A total of 21 articles were identified using the aforementioned search strategy (Figure 3).
After the removal of duplicates using reference management software (EndNote, Clarivate
Analytics), 20 articles were screened for title and abstract, and 7 articles were excluded
due to not being published in peer-reviewed journals. The remaining 13 articles were
screened against eligibility criteria; 5 full-text articles were excluded for non-relevance to
the research theme or items, and therefore 8 articles were included in the analysis.

The main findings of the literature review are presented in a summary of findings
table (Table 1); this table provides key information concerning the research’s authors, type
of research, and the sum of available data on the main outcomes.

Table 1. Characteristics of the scientific articles included in our analysis to assess the possible interaction between ME/CFS
and COVID-19.

Authors
Type of

Research
Main Results and Conclusions

Strayer
et al. (Oct
2020) [30]

Research
Article

The results may have direct relevance to the cognitive impairment and fatigue being experienced by
patients clinically recovered from COVID-19 and free of detectable SARS-CoV-2.

Gaber
(Jan 2021)

[31]
Review

Post-viral fatigue is the most common long-term health issue facing survivors of COVID-19, according to
initial reports. The author discusses the risk, diagnosis, and principles of management of post-viral
fatigue and its chronic variant—ME/CFS—within the context of the pandemic, and highlights that

further research is urgently needed to guide clinical practice. Several symptoms are classically associated
with post-viral fatigue and ME/CFS, including physical pain, recurrent headaches, malaise, cognitive
impairment, unrefreshing sleep, recurrent sore throats, and lymphadenopathy. These symptoms are
strongly associated with the post-exertional phase of the boom-and-bust cycle. Identification of the

post-COVID patients needing support and treatment should be a part of the overall COVID-19 response
globally.

Friedman
et al. (Feb
2021) [32]

Opinion

The similarity and overlap of ME/CFS and long-haul COVID-19 symptoms suggest similar pathological
processes. A unifying hypothesis explains the precipitating events, such as viral triggers and other

documented exposures; for their overlap in symptoms, ME/CFS and long-haul COVID-19 should be
described as post-active-phase-of-infection syndromes (PAPISs). The authors further propose that the
underlying biochemical pathways and pathophysiological processes of similar symptoms are similar

regardless of the initiating trigger. The authors caution that failure to meet the now combined challenges
of ME/CFS and long-haul COVID-19 will impose serious socioeconomic as well as clinical consequences

for patients, the families of patients, and society as a whole.

Halpin
et al. (Feb
2021) [33]

Research
Article

There is currently very limited information on the nature and prevalence of post-COVID-19 symptoms
after hospital discharge. In this research, a purposive sample of 100 survivors discharged from a large

university hospital was assessed 4–8 weeks after discharge by a multidisciplinary team of rehabilitation
professionals. Participants were between 29 and 71 days (mean 48 days) post-discharge from hospital; 32
participants required treatment in an intensive care unit (ICU group), and 68 were managed in hospital

wards without needing ICU care (ward group). New illness-related fatigue was the most commonly
reported symptom—by 72% of participants in the ICU group and 60.3% in the ward group. There was a
clinically significant drop in EQ5D, of 68.8% in the ICU group and 45.6% in the ward group. The authors

recommend planning rehabilitation services to manage post-discharge symptoms appropriately and
maximize the functional return of COVID-19 survivors.

Simani
et al. (Feb
2021) [34]

Research
Article

The obtained data revealed the prevalence of CFS among patients with COVID-19, which is almost
similar to CFS prevalence in the general population. Moreover, post-traumatic stress disorder (PTSD) in
patients with COVID-19 is not associated with an increased risk of CFS. This study suggests that medical

institutions should pay attention to the psychological consequences of the COVID-19 outbreak.
Townsend
et al. (Feb
2021) [35]

Research
Article

The results demonstrate the significant burden of fatigue, symptoms of autonomic dysfunction, and
anxiety in the aftermath of COVID-19 infection but, reassuringly, do not demonstrate pathological

findings on autonomic testing.

Graham
et al. (Mar
2021) [36]

Research
Article

A prospective study of the first 100 consecutive patients (50 SARS-CoV-2 laboratory-positive
(SARS-CoV-2+) and 50 laboratory-negative (SARS-CoV-2−) individuals) presenting to the

Neuro-Covid-19 clinic between May and November 2020 concluded that non-hospitalized COVID-19
“long-haulers” experience prominent and persistent “brain fog” and fatigue that affect their cognition

and quality of life.
Toogood

et al. (Mar
2021) [37]

Review Viral infection is an established trigger for the onset of ME/CFS symptoms, raising the possibility of an
increase in ME/CFS prevalence resulting from the ongoing COVID-19 pandemic.
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The publication period for identified scientific literature was not defined, but the first
relevant publication was dated to October 2020, and more research articles were published
in 2021. Table 1 shows the main research outcomes of published scientific literature in
peer-reviewed journals. Note that the authors pay attention not only to the symptoms, but
also to changes in quality-of-life indicators.

3. Materials and Methods of Empirical Research

This section is devoted to the empirical research conducted by the authors to inves-
tigate the shadow burden of ME/CFS and its causal interaction with COVID-19 in the
context of Latvia. To achieve the aim and objectives of the empirical research, the study
design consisted of two parts (Figure 4):

(1) The first part was dedicated to comparison of self-reported data from ME/CFS
patients with those from persons experiencing symptoms similar to those of ME/CFS,
but without a diagnosis, obtained by the survey performed prior to the COVID-19
pandemic. This part envisaged the creation of an assumption on the ME/CFS shadow
burden “status quo”—not addressing the impact of COVID-19—in Latvia.

(2) The second part aimed to investigate the data from COVID-19 patients’ surveyed
on the presence of ME/CFS symptoms, 6 months after being affected by COVID-19,
in Latvia.

Figure 4. The empirical study design and outcomes.

The first patients’ survey (Data S1) was designed mostly to obtain general information
(e.g., age, gender, education, etc.) and information on their symptoms, clinical history,
and the socio-economic consequences of the disease—including restrictions on daily life,
sources of assistance, and understanding and awareness of the disease. The purpose
of the survey was indicated in the introductory part of the questionnaire—to evaluate
patients’ knowledge about ME/CFS, health care received, and problems related to the
impact of ME/CFS on quality of life. The questionnaire was addressed to persons who
experienced chronic fatigue for at least six months that could not be reduced by rest,
headache, muscle aches, enlarged lymph nodes, joint pain, neck pain, memory problems,
sleep problems, and other typical symptoms. The survey was approved by the Research
Ethics Committee of the Riga Stradins University (Decision No. 6-3/3, 25 October 2018,
Riga), launched in February 2019, and lasted for two months. The survey was distributed
through GPs, as well as on the social networking platform Mammamuntetiem.lv (accessed
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on 18 February 2019; a portal for families and parents) that was most relevant to the
structure of potential patients (mostly used by persons between the ages of 20 and 50 years).
A total of 306 valid responses were received, of which 75 were from patients with G93.3,
R53, and B94.8 diagnoses, while 231 respondents had reported CFS-like symptoms but had
not been diagnosed (Figure 2). The results of diagnosed ME/CFS patients’ surveys were
investigated in the scope of Brenna et al.’s Comparative Survey of People with ME/CFS
in Italy, Latvia, and the UK [23]. At the same time, the data of undiagnosed patients were
not properly analysed, and in this study the authors emphasise the issues of undiagnosed
patients, and the possible increase in their number due to the COVID-19 pandemic.

Therefore, the second survey was dedicated to potential ME/CFS patients in the
post-COVID-19 phase. This survey’s data were obtained from a cohort of former COVID-19
patients established at the Genome Database of Latvian Population national biobank [38], in
accordance with the Central Medical Ethics Committee’s (Latvia) approval No 01-29.1/5034
(23 September 2020, Riga). ME/CFS was a secondary objective of this questionnaire;
therefore, data for the present study were limited to questions about the presence of
ME/CFS-like symptoms and quality of life. In Latvia, the first confirmed COVID-19 cases
were discerned in March 2020, and consequently, the former COVID-19 patients affected
in March 2020 were surveyed in October and November 2020, to establish a 6-month
ME/CFS-specific exposure period.

Both questionnaires (inter alia) contained questions about CFS-relevant symptoms,
in accordance with the CDC-1994 (Fukuda) criteria. The CDS-1994 case definition and
criteria were chosen, as EUROMENE suggests mostly using the Fukuda definition and
CCC definition, which identify a more severely affected group of patients. The CDC-1994
definition appeared more robust and less likely to be affected by variations in data collec-
tion methods [1]. The threshold was defined as four required accompanying symptoms,
in accordance with Fukuda et al. [8,39]. Additionally, quality-of-life measurement was
performed. Patients were asked to rate their quality of life (QoL) on a scale from 0 to 100
(where 100 represents the best possible QoL, and 0 the worst) for the year prior to onset of
illness, and for the year immediately preceding completion of the survey. The current level
of health-related quality of life was assessed using the EuroQol-5D-5L measure (certified
translation: EQ-5D-5L Latvian for Latvia). Descriptive and analytical statistical methods
were utilised for analysis of the obtained data.

In the Discussion section, the statistical data provided by the national competent
authorities of Latvia were also used to make preliminary predictions about the potential
shadow impact of ME/CFS on society.

4. Results

This section presents the outcomes of two surveys according to the research method-
ology: The first—a “status quo” survey—compares data from two groups of respondents
prior to the COVID-19 pandemic: self-reported data from ME/CFS patients, and from
persons experiencing symptoms similar to those of ME/CFS, but without a diagnosis. The
second survey presents former COVID-19 patients’ data in order to analyse the presence of
ME/CFS-like symptoms and predict ME/CFS expansion.

The main data of descriptive statistics of the first survey are shown in Table 2; There
were 75 valid responses from ME/CFS patients, consisting of 62 women and 13 men
(20 patients with G93.3 disease code, 46 patients with R53 disease code, and 11 patients
with B94.8 disease code; two patients had double diagnoses). Concerning the potentially
undiagnosed patients, there were 231 completed responses (with different participation
in completing certain questions) but, in both groups, the proportion of females was the
same—82.7%. The patients’ average age was 50 years (the respondents ranged in age
from 17 to 81), while for undiagnosed persons it was 45 years. Other sociodemographic
information shows that 60% of patients were married; in both groups, around of a third
of respondents lived alone. In addition, 43% of patients were graduates, but a higher
proportion (more than half) of undiagnosed persons with higher education degrees was
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observed. Additionally, comparative results are presented in Table 2 under the following
items—household income (by household member), out-of-pocket payments to mitigate the
consequences of illness and syndrome, number and variability of symptoms, number of
investigations, difficulty explaining the illness and syndrome, and quality of life.

Table 2. Main results of the survey of ME/CFS patients and undiagnosed persons.

Item
Persons’
Group

No. of Re-
spondents

Mean
Standard
Deviation

(SD)

No. Re-
sponding

“Yes”
%

95%
Confidence
Interval (%)

Age (Years) Diagnosed 75 50.0 14.7 46.6–53.3
Undiagnosed 222 45.1 12.9 43.4–46.8

Gender (No. Females)
Diagnosed 75 62 82.7 74.1–91.2

Undiagnosed 226 187 82.7 77.8–87.7
Education (No. with Higher

Education)
Diagnosed 74 32 43.2 32.0–54.5

Undiagnosed 225 115 51.1 44.6–57.6

No. Living Alone Diagnosed 74 25 33.8 23.0–44.6
Undiagnosed 224 69 30.8 24.8–36.9

Household Income, per
Member

(EUR, p.a.)

Diagnosed 65 5364.4 2991.1 4637.3–
6091.55

Undiagnosed 213 6365.5 3819.7 5852.5–
6878.5

No. Symptoms Diagnosed 75 7.5 2.5 6.9–8.1
Undiagnosed 231 6.3 2.8 5.9–6.7

Variability of Symptoms Diagnosed 75 53 70.7 60.4–81.0
Undiagnosed 231 178 77.1 71.6–82.5

No. Investigations Diagnosed 75 5.7 3.2 5.0–6.4
Undiagnosed 124 4.7 2.5 4.3–5.1

Out-of-Pocket Spending, to
Mitigate Symptoms (EUR, p.a.)

Diagnosed 75 1143.0 125.1 1114.7–
1171.3

Undiagnosed 209 979.2 156.1 958.0–1000.4
Difficulty Explaining Illness to

Physicians Diagnosed 75 20 26.7 16.7–36.7
Undiagnosed 231 76 32.9 26.8–39.0

Family Diagnosed 75 35 46.7 35.4–58.0
Undiagnosed 231 100 43.3 36.9–49.7

Friends
Diagnosed 75 20 26.7 16.7–36.7

Undiagnosed 231 70 30.3 24.4–36.2

Employers Diagnosed 75 30 40.0 28.9–51.1
Undiagnosed 231 81 35.1 28.9–41.2

Quality of Life:

Prior to Illness
Diagnosed 74 74.6 24.0 69.0–80.2

Undiagnosed 212 74.1 22.0 71.1–77.1

In Past Year
Diagnosed 74 57.3 16.3 53.5–61.1

Undiagnosed 219 58.1 16.8 55.9–60.3

It is assumed that this disease has significant impacts on personal income, because
patients are frequently unable to work, and spend out-of-pocket resources for treatment.
In order to assess the financial situation of patients in Latvia, the data of the Central
Statistical Bureau on the mean disposable (net) income per household member were used
for comparison. In Latvia, the mean disposable (net) income per household member in
2019 was EUR 6994 [40]. In accordance with the survey data, 48 of the ME/CFS patients
(73.9%) reported lower than mean net income per household member, but still, on average,
spent more than EUR 1140 p.a. on symptom relief. In the group of undiagnosed persons,
141 respondents (66.2%) reported lower than mean net income per household member, with
a slightly lower out-of-pocket payment of EUR 979 p.a. for the mitigation of symptoms
and their consequences.

Patients presented on average 7–8 different symptoms, and 9% of patients presented
more than 10 symptoms. Significantly, undiagnosed persons reported more than 6 symp-
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toms on average, and 197 (85.3%) of 231 respondents reported more than 3 long-term
symptoms similar to ME/CFS symptoms, which is the threshold for the Fukuda criteria.
The number of investigations prior to reaching a diagnosis on average was 6, and 43% of
patients indicated that more than 12 months passed from their first symptoms to reaching
a diagnosis. There was no significant difference in the number of investigations between
patients and undiagnosed persons, but for the last group, it had not resulted in reaching a
diagnosis. Both groups indicated high variability in symptoms (more than 70%), and undi-
agnosed persons were more likely to describe their symptoms as variable. The difficulty in
explaining the symptoms can be one of the major difficulties for ME/CFS patients (almost
27% of patients reported difficulties in explaining their symptoms to physicians, 47% to
family members, 27% to friends, and 40% to employers). The most critical point for both
groups is explanation of their symptoms to family and employers.

Concerning the effectiveness of therapies, 64% patients noted the effectiveness of
medication (prescription and OTC medicines), and 52% patients reported the effectiveness
of non-medication methods (physiotherapy, psychotherapy, osteopathy, homeopathy, nu-
trition, and food supplements) and complex methods. The complex approach probably
provides additional benefits of treatment, taking into account the multisymptom nature
and aetiology of the condition. No caregivers other than family were reported; patients
mostly took care of themselves.

In the empirical part of the research on investigation of the interaction between
ME/CFS and COVID-19, the former COVID-19 patients’ survey (the second survey) was
performed as a part of the project on the evaluation of the data of the cohort of former
COVID-19 patients established at the Genome Database of Latvian Population national
biobank. Taking into account that the first confirmed cases of COVID-19 were discerned in
March 2020, a 6-month period was required to obtain ME/CFS data, and former COVID-19
patients—affected by COVID-19 in March 2020—were surveyed in October and November
2020. In March 2020, there were 204 confirmed cases of COVID-19 in Latvia [4]. Sub-
sequently, the patients who were affected by COVID-19 in March 2020 were invited to
volunteer for a telephone survey in October–November 2020. Respectfully, 120 people
agreed, and responded to questions on ME/CFS symptoms and health-related quality of
life. Consequently, the sample covers more than half of the patients infected in March 2020,
and the data obtained are statistically significant.

The data of the survey showed that 53 patients (44.2%) out of 120 respondents who had
not been diagnosed with ME/CFS prior to the COVID-19 pandemic reported at least one of
the symptoms characteristic of CFS, in accordance with the Fukuda criteria; 20 respondents
(16.7%) reported 4 or more CFS-specific symptoms simultaneously. In order to compare the
dominance of symptoms occurring in former COVID-19 patients with data from ME/CFS
patients and undiagnosed patients prior to COVID-19, the relevant data are summarised in
Figure 5.

The data show (Figure 5) that the predominant symptom in ME/CFS patients is
“difficulty concentrating”, while in undiagnosed patients “depressed mood” predominates,
and “sleep disorders” puts an equally hard burden on all groups of patients. Significantly,
non-diagnosed patients and former COVID-19 patients have noticeably higher levels of
“psychological distress (anxiety)” compared to ME/CFS patients. “Muscular pain” and
“headache” are vastly less common in former COVID-19 patients, but “sore throat” is
substantial. “Memory disorders” occur more in undiagnosed patients. “Fluctuating blood
pressure”, “general malaise, as from flu”, “urinary disorders”, and “enlarged lymph nodes”
are more common in ME/CFS patients. Regarding the different manifestations of fatigue, it
should be noted that “persistent fatigue” is more common in former COVID-19 patients and
ME/CFS patients, whereas “fluctuating fatigue” is more common in undiagnosed patients.
“Episodic fatigue” is relatively less common in ME/CFS patients, but is predominant
in former COVID-19 patients and undiagnosed patients. Former COVID-19 patients
are also characterised by “fluctuating temperature” and slightly greater dominance of
“gastrointestinal disorders” compared to ME/CFS patients and undiagnosed patients.
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Figure 5. The prevalence of symptoms reported by ME/CFS patients and undiagnosed patients
prior to COVID-19 (the first survey), and by former COVID-19 patients 6 months after infection (the
second survey), as a percentage of the total number of reported cases of symptoms in each group.

Noticeably, 95% of the post-COVID-19 respondents reported onset of symptoms after
being affected by COVID-19. This allows the assumption of COVID-19 as a causative agent
of CFS, and probably of ME/CFS.

Concerning to the health-related quality of life measurements, the EuroQol-5D-5L was
used to analyse the patients’ self-esteem in the following fields: mobility (no/problems
in walking about), self-care (no/problems washing or dressing myself), usual activities
(e.g., work, study, housework, family or leisure activities—no/problems doing usual
activities), pain/discomfort (no/pain or discomfort), and anxiety/depression (not/anxious
or depressed). The results are summarised in Figure 6.
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Figure 6. Patient-reported health-related quality of life, as measured by the EuroQol-5D-5L frame-
work (1—the best possible option, and 5—the worst), in ME/CFS patients and undiagnosed persons
prior to COVID-19, and former COVID-19 patients (6 months after being affected).

Data on ME/CFS patients (74 respondents), as well as undiagnosed patients (196 re-
spondents) and former COVID-19 patients (20 respondents) who reported four or more
ME/CFS-like symptoms, were used to obtain comparable data. The results show (Figure 6)
quite similar self-esteem among ME/CFS patients and undiagnosed patients with long-
standing disease experience, while former COVID-19 patients show a significantly lower
severity of these problems.

It is important to note that there is no considerable difference in self-reported quality
of life (using the VAS) between the ME/CFS patients group and the undiagnosed persons
group (Table 2) prior to illness and in the past year. Significantly, the quality of life prior to
illness was relatively low (scoring less than 75 out of 100), considering the average age of
the target groups, and this encourages deeper research in the context of the overall quality
of life of the Latvian population.

5. Discussion

As mentioned in the Materials and Methods section, this section is complimented with
statistical data provided by the national competent authorities of Latvia, so as to contribute
preliminary predictions about the potential shadow impact of ME/CFS on society.

The previously analysed data from the Latvian Centre for Disease Prevention and
Control (CDPC) and the National Health Service (NHS) of Latvia tentatively indicated
high prevalence of ME/CFS in Latvia. CDCP data from primary care indicated that ap-
proximately 700 patients had ICD-10 code G93.3 assigned, while there were approximately
15,000 with ICD-10 code R53, and about 70 with code B94.8. In total, these constitute about
0.8% of the Latvian population, which is considerably higher than the prevalence found in
other comparable populations [1]. When discussing these data within the EUROMENE
network, the prevalence seemed too high. However, an analysis of the literature shows
that there are still no clear definitions of the exact classification of related diseases and case
definitions. In addition, new approaches, new disease designations, and a nomenclature
of syndrome sets are emerging. GPs, on the other hand, point to problems in making a
precise diagnosis [21–23]. In these circumstances, it is possible that the obtained data on the
prevalence of 0.8% in Latvia are appropriate, taking into account the fact that the literature
review reports a prevalence of 0.2–1.0% in developed countries [2].
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In accordance with the data from the Central Statistical Bureau of Latvia, at the begin-
ning of 2020 the population of Latvia was approximately 1,908,000 people [41]. Accordingly,
the prevalence of the disease may vary from 3816 to 19,080 patients in Latvia. In 2019, the
NHS data show that 3142 patients of diagnosis codes G93.3 (post-viral fatigue syndrome),
R53 (malaise and fatigue), and B94.8 (sequelae of other specified infectious and parasitic
diseases) received the treatment from the state budget. The survey of potential ME/CFS
patients performed in the scope of this research shows that undiagnosed persons reported
more than 6 symptoms on average, and 197 (85.3%) of 231 respondents reported more than
3 long-term CFS-like symptoms, which is the threshold for the Fukuda criteria. At the
same time, there was no significant difference in self-reported quality of life between the
patients group and the undiagnosed persons group. These data confirm a high level of
undiagnosed patients in Latvia.

Regarding the correlation with COVID-19, it could be generally assumed that post-
viral fatigue syndrome (myalgic encephalomyelitis (ME)) is a logical consequence of viral
infection. However, concerning CFS there are currently insufficient data to statistically
confirm or reject this interaction. The literature review revealed a lack of research in this
field. The present research indicates that the number of undiagnosed ME/CFS patients
might increase by at least 15% due to the COVID-19 pandemic. In these circumstances, the
COVID-19 pandemic presents a new potential challenge to increase the shadow burden
of ME/CFS. The survey data of Latvian COVID-19 patients report alarming results for
CFS-like symptoms after COVID-19 infection. Particular attention should be paid to the fact
that “psychological distress (anxiety)” and “episodic fatigue” are significantly prevalent
symptoms reported by former COVID-19 patients, in comparison with ME/CFS patients
and undiagnosed patients prior to the COVID-19 pandemic. Health-related quality-of-
life measurements according to EuroQol-5D-5L show better results in former COVID-19
patients compared to ME/CFS patients and undiagnosed patients prior to the COVID-19
period, but this may be explained by the relatively short time period in which persistent
symptoms could be observed in former COVID-19 patients.

Concerning the shadow financial burden of ME/CFS on society, with respect to the
direct costs faced by potential patients, the survey’s data can be useful to predict the
approximate out-of-pocket treatment cost per patient. In accordance with the survey
data, 73.9% of the ME/CFS patients reported lower than mean net income per household
member, but still, on average, spent more than EUR 1140 p.a. on symptom relief. In the
group of undiagnosed persons, 66.2% of respondents reported lower than mean net income
per household member, with a slightly lower out-of-pocket payment of EUR 979 p.a. for
the mitigation of disease consequences.

Assuming that the actual number of patients in Latvia is—for instance—15,770 pa-
tients, as forecasted by the CDPC, and each of them spend EUR 979 p.a. to reduce the
consequences of the disease, the total direct medical cost for undiagnosed patients is more
than EUR 15 million p.a., and may increase by at least 15% in response to the influence
of COVID-19.

In these circumstances, prevention programmes can play a significant role, and pro-
vide economic benefits as primary prevention and secondary prevention to minimise the
diagnostic delays associated with prolonged illness, increased severity, and increased
costs [42]. Data on quality of life are also noteworthy, as quality of life prior to illness, as
reported by the survey, was relatively low (scoring less than 75 out of 100) considering the
average age of the target groups (45–50 years old), and this encourages deeper research in
the context of the overall quality of life of the Latvian population.

The present research creates the foundation for determining the “status quo” of
undiagnosed patients with ME/CFS in Latvia, and propounds a vision for the further
development of the scenario in the light of COVID-19. Simultaneously, the study has
several limitations, the most substantial of which is related to the cohort formation of
former COVID-19 patients, taking into account that a 6-month period is required to assess
the presence of ME/CFS symptoms. The most significant number of confirmed COVID-19
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cases in Latvia was observed in December 2020 (Figure 1); thus, in the second half of 2021
it would be valuable to continue this study, with a larger coverage of patients.

6. Conclusions

We came to the realisation that ME/CFS creates a significant shadow burden on soci-
ety, even taking into account only the direct medical costs of undiagnosed patients—the
number of whom in Latvia is probably at least five times higher than the number of dis-
cerned patients. A similar situation can be observed in other countries. Simultaneously,
the hypothesis tends to be confirmed that COVID-19 might contribute to the number of
undiagnosed patients with ME/CFS, and COVID-19 can induce long-lasting complications
and chronic conditions—such as post-viral CFS—and increase this burden. The Latvian
research data assume that ME/CFS patients are not part of the high-risk group for COVID-
19; however, COVID-19 causes ME/CFS-relevant symptoms in patients. This increases
the need for monitoring of patients for even longer after recovering from COVID-19′s
symptoms, in order to prevent complications and the progression of chronic diseases,
including ME/CFS. In the context of further epidemiological uncertainty and the possi-
bility of severe post-viral consequences, preventive measures are becoming significantly
important, as well as an integrated use of the criteria, identification of biomarkers, and the
aid of artificial intelligence for diagnostic purposes and appropriate treatment, all of which
could help to reduce this burden in the future. The increased risk of worse outcomes from
COVID-19 should be taken into account in decision-making with regard to individual and
population-wide risks, prevention, and detection measures.
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Abstract: Background: Chronic fatigue syndrome (ME/CFS) is a complex disease frequently triggered
by infections. IgG substitution may have therapeutic effect both by ameliorating susceptibility to
infections and due to immunomodulatory effects. Methods: We conducted a proof of concept
open trial with s.c. IgG in 17 ME/CFS patients suffering from recurrent infections and mild IgG
or IgG subclass deficiency to assess tolerability and efficacy. Patients received s.c. IgG therapy
of 0.8 g/kg/month for 12 months with an initial 2 months dose escalation phase of 0.2 g and
0.4 g/kg/month. Results: Primary outcome was improvement of fatigue assessed by Chalder Fatigue
Scale (CFQ; decrease ≥ 6 points) and of physical functioning assessed by SF-36 (increase ≥ 25 points)
at month 12. Of 12 patients receiving treatment per protocol 5 had a clinical response at month 12.
Two additional patients had an improvement according to this definition at months 6 and 9. In four
patients treatment was ceased due to adverse events and in one patient due to disease worsening.
We identified LDH and soluble IL-2 receptor as potential biomarker for response. Conclusion: Our
data indicate that self-administered s.c. IgG treatment is feasible and led to clinical improvement in a
subset of ME/CFS patients.

Keywords: chronic fatigue syndrome; myalgic encephalomyelitis; autoimmunity; immunology; IgG
replacement; IgG deficiency; biomarker

1. Introduction

Chronic Fatigue Syndrome (ME/CFS) is a frequent, severe and complex disease with
an estimated prevalence of around 0.5% [1]. Patients suffer from sustained exhaustion
accompanied by numerous physical and mental symptoms. ME/CFS onset is typically with
an infection and many patients undergo frequently recurrent infections. The underlying
pathological mechanism in ME/CFS is not known so far. However, there is ample evidence
of dysregulation of the immune system, and both immune activation and deficiency can be
found [2,3]. There is increasing evidence, that at least in a subset of ME/CFS patients, au-
toimmunity contributes to disease etiology [2,4]. Autoantibodies against various antigens
including neurotransmitter receptors were reported by several groups (reviewed in [2]).
First clinical trials showed that immunomodulatory treatments targeting autoantibodies
are effective in a subset of ME/CFS patients [5–7].
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Immunoglobulin G (IgG) treatment is effective in autoantibody-mediated autoimmune
diseases [8]. Four randomized controlled clinical trials of intravenous (IV) IgG therapy
with monthly doses ranging from 0.5 to 2 g/kg body weight were performed more than
three decades ago in ME/CFS showing inconsistent results with two positive and two
negative studies [9–13]. IgG substitution may have therapeutic effect in ME/CFS both by
ameliorating susceptibility to infections and due to immunomodulatory effects.

ME/CFS patients frequently suffer from susceptibility to both viral and bacterial
infections. Studies in our own and other patient cohorts show that IgG1 and IgG3 deficiency
occurs frequently in ME/CFS patients [3,11,14]. Patients with immunoglobulin deficiency
had more frequently an increased rate of infections, mostly of the respiratory tract [3,15].

Thus far, there has been little interest of pharmaceutical companies into clinical trials
in ME/CFS presumably due to the complexity of the disease and paucity of knowledge.
We thus performed an investigator-initiated trial to study the feasibility and efficacy
of an intermediate dose self-administered s.c. IgG treatment in ME/CFS patients. An
s.c. IgG treatment regimen was chosen due to better tolerability and possibility of self-
administration. The IgG dose of 0.8 g/kg body weight/month was chosen which is the
maximum dose recommended by European Medicines Agency (EMA) for IgG treatment
of immunodeficient patients but is expected to be effective in autoimmunity as well [8].
Further, we decided to include ME/CFS patients with mild IgG or IgG subclass deficiency
and frequent infections as this group of patients may benefit from both immunomodulatory
and infection-preventing effect of IgG treatment [10].

Our study provides evidence that self-administered s.c. IgG treatment is feasible and
tolerable and can lead to clinical improvement in a subset of ME/CFS patients.

2. Materials and Methods

2.1. Study Design

This was an investigator-initiated one arm trial with support from Baxalta, a member
of the Takeda group of companies. HyQvia consists of human normal IgG (10%, Kiovig®,
Takeda, Konstanz, Germany) and recombinant human hyaluronidase (rHuPH20, Hylenex®,
Takeda, Konstanz, Germany). The clinical study protocol is provided in the supplement
section (S1). HyQvia was given as s.c. infusion via the Freedom pump (RMS Medical
Products, Chester, NY, USA). Following pretreatment with hyaluronidase up to 300 mL
of HyQvia were infused s.c. The first infusion was given at our outpatient clinic and
patients were trained for self-therapy. Further infusions were given as home therapy under
supervision of a home care nurse. The following doses were given:

Month 1, day 0: total 0.2 g/kg body weight per month (one infusion).
Month 2: total 0.4 g/kg body weight per month (given as one or bi-weekly infusion).
Months 3–12: total 0.8 g/kg body weight per month (given as bi-weekly infusion).
The primary objective of this study was to determine the effect of an intermediate dose

of s.c. IgG on patient fatigue and physical functioning as assessed by the Chalder Fatigue
Scale (CFQ) and SF-36, physical function domain, respectively. A clinical meaningful
response was defined by an improvement of at least 50% of symptoms in the Chalder
Fatigue Scale between the first visit and the 12-month follow-up visit. For this an improve-
ment in at least 6 of the 11 items for minimum of one point improvement is required. It
means that the composite score decreases by at least 6 points between enrollment and
12-months follow-up. For the SF-36 physical functioning, a clinically meaningful response
is defined by an improvement of at least 50% of symptoms, thus the patient scores better
in at least 5 of the 10 items between study enrollment and the 12-month follow-up. It
means that the composite score increases by at least 25 points between enrollment and
12-months follow-up. The response analysis included only patients receiving the complete
12-months treatment.

Secondary study objectives were to assess the tolerability of HyQvia in patients with
ME/CFS, to assess the frequency and severity of infections, to identify markers for response,
to assess additional symptoms by scoring the symptoms of Canadian Consensus Criteria
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(CCC) and COMPASS-31 and the suitability of step tracking and endothelial function as
objective response parameters. Our study was designed in such a way that we wanted to
obtain first evidence for efficacy as a prerequisite for a consecutive randomized placebo-
controlled trial. Efficacy was defined as seeing a response in at least 5 of 15 patients
included in the study. Patients receiving less than 3 months of treatment had to be replaced.
Regular site monitoring visits were performed by the Clinical Research Organization GWT,
Dresden. The trial was registered at www.clinicaltrialsregister.eu. EudraCT 2016-002370-12.

2.2. Patients

ME/CFS patients were selected who were diagnosed at the outpatient clinic for im-
munodeficiencies at the Institute of Medical Immunology at the Charité Universitätsmedi-
zin Berlin (Berlin, Germany) and fulfilled the inclusion criteria. In order to obtain an
unselected patient sample, all consecutive patients who are eligible for participation and
willing to participate were included. The flow chart of participant disposition is shown as
Figure 1. Diagnosis of ME/CFS was based on CCC [16] and exclusion of other medical or
neurological diseases, which may cause fatigue. Further inclusion criteria were IgG or IgG
subclass deficiency with a history of a serious bacterial or recurrent infections (≥4 infections
during the last year prior to inclusion), and a disease severity according to the Bell scale of
≤50 of 100 [17]. However, in none of the patients IgG deficiency and infection history were
severe enough for having an indication for IgG substitution (IgG > 5 g/l and none had IgA
or IgM deficiency). It was planned to include 15 patients in the trial and replace patients
receiving less than 3 months of treatment. All 17 patients who were approached agreed to
participate in the trial.

2.3. Assessment of Symptoms and Physical Functioning by Scores

Questionnaires were filled in by the patients at home and validated by the treating
physicians together with the patients. Disease severity was determined before and after
the 12 months IgG treatment by Bell scale with a score of 0 being equivalent to severest
ME/CFS and a score of 100 being healthy. ME/CFS symptoms and physical functioning
were further assessed by questionnaires: CFQ, SF-36 physical functioning, COMPASS-
31 and CCC symptom scoring, at baseline, then monthly and up to 3 months after the
IgG treatment. CFQ evaluates the extent and severity of fatigue assessing fatigue with
0 (healthy) to 33 (severe) [18]. SF-36 (Medical Outcome Study 36-Item Short Form Health
Survey) measures health-related quality of life, with a score of 0 being equivalent to
maximal disability and a score of 100 being healthy. COMPASS-31 questionnaire assesses
autonomic symptoms with a score from 0 (healthy) to 100 (severe) [19]. The severity of
symptoms was assessed based on quantification of CCC symptoms using a questionnaire
developed by Fluge et al. [20]. Symptoms were classified according to a scale from 1 (no
symptoms) to 10 (severe symptoms). The fatigue score was calculated as the mean of
fatigue, malaise after exertion, need for rest and daily functioning, cognitive score as mean
of memory disturbance, concentration ability and mental tiredness and immune score as
mean of painful lymph nodes, sore throat and flu-like symptoms.

2.4. Laboratory Values

Standard laboratory parameters were assessed at the Charité diagnostics laboratory La-
bor Berlin GmbH (Berlin, Germany). Antibodies against ß2 adrenergic and M3 muscarinic
acetylcholine receptors were determined by CellTrend GmbH (Luckenwalde, Germany)
using ELISA technology.
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Figure 1. Flow chart of participant disposition. AE = adverse events.

2.5. Functional Assessment

Peripheral endothelial function was evaluated by a pulse arterial tonometry (PAT)
device (EndoPAT-2000, Itamar, Israel). Measurement was performed under standardized
conditions after at least 15 min of supine rest in a quiet, air-conditioned room. Endothelial
dysfunction was defined by reactive hyperemia index (RHI) ≤1.8 as described previ-
ously [21]. Steps were counted by a Vivofit® activity tracker (Garmin, Germany). Mean
daily number of steps was counted during one week before and after every 3 months for
15 months. Staff members performing these assessments were not involved in implement-
ing any aspect of the intervention.

2.6. Statistical Analysis

Statistical data analyses were done using the software GraphPad Prism 6.0 for Win-
dows, GraphPad Software, La Jolla California USA, www.graphpad.com. Continuous
variables were expressed as median and interquartile range (IQR). Univariate comparison
of two independent groups was performed using the Mann–Whitney-U test, comparison
of two dependent groups was done using the Wilcoxon matched-pairs signed-rank test. A
two-tailed p-value of <0.05 was considered statistically significant.

3. Results

3.1. Patients and Treatment

A total of 17 ME/CFS patients with a mild IgG or IgG subclass deficiency, but no
indication for IgG substitution, were included in this trial (Figure 1). Patient characteristics
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are summerized in Table 1 (for details see Table S1). The mean age was 46 years, 9 patients
were female and 12 patients had an infection-triggered onset. We retrospectively collected
the data of the types of infection from the patients records (Table S1). Most patients
reported a respiratory tract infection or primary EBV as trigger of disease. At baseline all
patients had a Bell score ≤ 50. In 4 of 17 patients physicians decided to cease treatment
due to adverse events as described below. In one patient treatment was discontinued at
month 3 due to disease worsening (P12). A total of 12 patients received the scheduled
12-months treatment.

Table 1. Patient characteristics.

Study Cohort (n = 17)

sex (f/m) 9/8
age in years (median (range)) 46 (18–70)

age at disease onset in years (median (range)) 36 (15–61)
Bell score (median (range)) 30 (20–50)
infection-triggered onset n = 12

3.2. Tolerability

Patients’ adverse events are listed in Table S2. Two patients (P1, P14) received only
one or two injections and were replaced (Tables S1 and S2). Patient 1 had injection-related
grade 3 headache and received only two IgG injections. Patient 14 had a grade 2 injection
site reaction with an erythema of approx. 10 cm after the first IgG injection. Treatment was
not continued as the patient refused to come into the outpatient clinic for the next injection
due to multiple chemical sensitivity. In two patients treatment was ceased at months 3 and
6 due to adverse events (P3, P15). In patient 15 treatment was stopped at month 3 due to
elevation grade 3 of the liver enzymes ALT/AST. Pretreatment ALT/AST were normal.
A total of 4 weeks after cessation values had returned to grade 1. In patient P3 treatment
was not continued at month 6 due to recurrent grade 2 local reaction, flu-like symptoms,
headache, and abdominal pain.

In the 12 patients receiving the 12 months treatment 4 patients reported recurrent
grade 2 and 2 patients grade 1 headache after injections. In three patients we observed a
transient grade 1 increase in the ALT (at month 3, 6 and 9, respectively). P11 had recurrent
grade 2 erythematous injection site reaction from month 9 on. All patients had mostly
grade 1 flu-like symptoms and injection-site reaction.

3.3. Clinical Treatment Response

A total of 12 patients received IgG treatment per protocol for 12 months. The overall
response in all 12 patients showed significantly decreased fatigue (measured by CFQ) and
increased physical functioning (measured by SF-36) at months 6, 9 and 12, but not after
the dose escalation phase at month 3 (Figure 2a,b). According to the primary response
definition five of these patients (P2, 9, 11, 13, 16) had a clinical response with a decrease of at
least six points in the CFQ and/or an increase of 25 points in the SF-36 physical functioning
at month 12 compared to pretreatment (Figure 2c,d). Two additional patients did fulfill the
primary response definition at months 6 and 9 but not at month 12 (P4, 8) (Figure 2c,d).
3 months following cessation of IgG treatment (month 15) physical functioning decreased
and fatigue increased again (Figure 2a,b). As expected, we observed a close correlation
between fatigue assessed by CFQ and physical functioning assessed by SF-36 (r = −0.64;
p = 0.02). CFQ and SF36 of the three patients ceasing treatment at months 3 (P12, P15) and
month 6 (P3) are shown in Figure S1.
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Figure 2. (a) The Chalder Fatigue Scale (CFQ) and the (b) SF-36 physical functioning of all patients receiving 12 months of
treatment before (pre), during (months 3–12) and 3 months after the treatment (month 15) is shown. An overall significant
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improvement of the fatigue (CFQ) and physical functioning (SF-36) during the IgG treatment was observed (responder
indicated as filled circles). A two-tailed Wilcoxon matched-pairs signed-rank test was performed for statistical analysis. The
course of individual patients is shown in (c) for CFQ and (d) for SF-36. (CFQ Score, healthy: 0; SF-36 Score, healthy: 100).

As a secondary outcome parameter, severity of various symptoms was assessed. In
the 12 patients receiving the 12 months IgG treatment an overall significant improvement
in the severity of cognitive symptoms and immune symptoms could be observed at months
6, 9 and 12 (Figure S2a,b). Improvement of the immune symptoms was already evident at
month 3 and remained post IgG treatment at month 15. Muscle pain showed no overall
improvement (Figure S2c). The course of symptoms in the individual patients is shown
in Figure S2e.

All patients reported moderate to severe symptoms of autonomic dysfunction assessed
by the COMPASS-31 questionnaire at baseline (median 50.9, range 12.9–73.8). Again an
overall significant improvement of autonomic nervous system function from baseline to
months 6 (median 37.14, range 6.99–60.06) and 9 (median 36.05, range 20.16–54.72) was
observed (Figure S2d,f).

3.4. Functional Assessment

We tried to objectively assess symptoms by measuring endothelial cell function and
daily steps as secondary outcome parameter. The numbers of steps were assessed for a
week each month by a Vivofit® activity tracker (Garmin, Germany). Patient 9 could not
be evaluated because the tracker of the pretreatment evaluation was lost. All responding
patients at month 12 (patients 2, 11, 13 and 16) and also patients 4 and 8 with a response at
month 6 and 9 walked more steps during IgG treatment (steps/day pretreatment: median
4565, range 1062–7756; at months 6: median 6067, range 3017–10411; p = 0.0313, Figure S3).
The number of steps in the five non-responder patients (patients 5, 6, 7, 10, 17) did not
increase. There was no seasonal variation in numbers of steps.

A subset of patients with ME/CFS has endothelial dysfunction [22,23]. Endothelial
dysfunction defined as a diminished RHI < 1.8 was found pretreatment in 6 of 11 patients
receiving 12 months of treatment. At month 15 we observed improvement of endothelial
function in six of eight patients (Figure S4). No correlation of pre- or posttreatment
endothelial function with clinical response was observed.

3.5. Infections

In the 12 months before initiation of IgG treatment a median of six (range 4–12) mostly
respiratory tract infections were reported by the patients. During the 12 months IgG
treatment period 11 of 12 patients documented infections to occur less frequently and/or
milder with a median of 3.5 (range 0–6) infections (Figure 3, p = 0.002).

3.6. Assessment of Potential Biomarkers for Response and Tolerability

In the 12 patients receiving IgG treatment for 12 months we compared demographic
and clinical data and laboratory values between the five responders and seven non-
responders. There was no obvious difference in age, sex, Bell score and disease duration
(Table S1) nor in SF-36, CFQ, COMPASS-31 and symptom scores regarding treatment
response (Figure S5). There was also no difference in these parameters when patients 4 and
8 with response at months 6 and 9 were included into the responder group. All responder
had an infection-triggered onset. The five patients with a non-infectious disease onset
included two patients (P1 and P3) not tolerating treatment, two non-responders and P12 in
whom treatment was discontinued due to disease worsening at month 6 (Table S1).
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Figure 3. Numbers of infections per year in the 12 months before (pre) and 12 months after (post)
initiation of IgG treatment are shown. Numbers of infections significantly decreased during the IgG
treatment. A two-tailed Wilcoxon matched-pairs signed-rank test was performed for statistical analysis.

We compared number of leukocytes, lymphocytes, erythrocytes, IgG and IgG subclass
levels, CRP level, ANA and levels of several potential disease biomarkers (LDH, CK,
soluble IL-2 receptor, IL-8, β2 AdR and M3 AchR AAB and soluble CD26) pretreatment
but observed no significant differences between responders and non-responders (Table S3).
We observed, however, a trend of a higher pretreatment LDH level and lower soluble IL-2
receptor sCD25 in responders. When we included patients 4 and 8 with a response at
months 6 and 9 in the responder group, responders had a significantly higher baseline
serum LDH level compared to non-responders (Figure 4a). LDH levels did not decrease
in the total patient cohort at month 3 during the dose escalation phase but from month
6 on (at month 9 p = 0.0137, Figure 4b). Further pretreatment values of the soluble IL-2
receptor were significantly lower in responder patients including patients 4 and 8 than
in non-responders (Figure 4c). LDH and soluble IL-2 receptor did neither correlate with
each other nor with disease severity or symptoms. IgG levels during treatment increased
from median 8.5 g/L to maximum median 15.4 g/L at month 9 (Figure 4d). IgG and IgG
subclass levels pretreatment did not correlate with response to treatment (Table S3). In the
study by Lloyd et al. higher lymphocyte count pretreatment was associated with response
to IgG treatment. Here, we could not confirm this observation (Table S3) [10].

When comparing patients not tolerating treatment to those receiving 12 months of
treatment we observed no differences in clinical parameters. Interestingly, we observed a
lower level of the biomarker sCD26 in the five patients who did not tolerate treatment or
had early disease worsening compared to patients who completed IgG treatment (Figure 4e).
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Figure 4. Association of biomarker with response and tolerability. Median and interquartile range
pretreatment level of (a) LDH and (c) the soluble IL-2 receptor of responding patients including
patients with a response at month 6 and 9 (n = 7) compared to non-responders (n = 5) are shown.
Responder had significant higher LDH and lower soluble IL-2 receptor pretreatment level. Two
tailed Mann–Whitney-U test was performed for statistical analysis. Median and interquartile range
(b) LDH level and (d) IgG level of the patients before (pre), during (months 3–12) and 3 months after
the treatment (month 15) are shown (responder indicated as filled circles). A two-tailed Wilcoxon
matched-pairs signed-rank test was performed for statistical analysis. (e) Median and interquartile
range of sCD26 level of patients not tolerating treatment (n = 5) compared to those receiving 12 months
of treatment (n = 12) are plotted. Participants who did not tolerate the treatment had significant
lower sCD26 levels. Two tailed Mann–Whitney-U test was performed for statistical analysis.
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4. Discussion

In this study we provide evidence that self-administered s.c. IgG treatment is feasible
and improved symptoms and physical functioning in a subset of ME/CFS patients with
a mild IgG or IgG subclass deficiency. Our results are in line with previous randomized
controlled clinical trials (RCT) studies.

Four RCTs of IV immunoglobulin replacement therapy with monthly doses ranging
from 0.5–2 g/kg body weight were performed more than three decades ago with two
positive and two negative studies [9–13]. In the positive Australian study by Lloyd et al.
10 of 23 (43%) patients receiving IV IgG 2 g/kg on a monthly basis for 3 months but only
three of the 26 (12%) placebo recipients responded with a substantial reduction in their
symptoms and recommencement of work and activities [10]. In the negative follow-up
four-arm study with 99 patients receiving one of three doses of immunoglobulin (0.5, 1, or
2 g/kg) or a placebo solution (1% albumin), all patients showed a similar improvement
in their functional capacity [12]. In the other positive study by Rowe et al. in which
71 adolescents received either three infusions of 1 g/kg given one month apart or 1%
albumin, both groups had an improved functional score, which was significantly higher
in the IgG treated patients at 6 months [13]. In the negative US study Peterson et al. had
treated 28 patients in a RCT with IV IgG 1 g/kg or placebo [11]. Both patient groups
reported improved health perception. Taken together, improvement of IgG treated patients
was reported in all four trials, but also in the placebo group in two of these four trials.
This is in line with the results of the recently published multicenter RCT Rituximab study
performed in Norway in which around a third of patients reported improvement in both
the rituximab and the placebo infusion group [24]. Response definition was, however, less
strict, with fatigue improvement for 8 consecutive weeks over a period of 24 months.

How should these findings be translated into a future clinical IgG study in ME/CFS?
Our study was designed to observe efficacy in at least 5 of 15 patients as a prerequisite
for a consecutive randomized placebo-controlled trial. According to the primary response
definition we reached this aim with 5 of 15 patients receiving at least 3 months of treatment
having a clinical response. A dose-escalation phase can help in a consecutive randomized
placebo-controlled trial to control for placebo effects. In the 12 patients receiving 12 months
of treatment we observed overall significantly improved CFQ and SF-36 scores at months
6, 9 and 12, but not after the dose escalation phase at month 3. Objective parameters of
response would be desirable in a consecutive randomized placebo-controlled trial. We
evaluated the suitability of step counting in our response assessment and observed an
increase in number of steps in responder but not non-responder patients.

Further, it is important to implement biomarker for response. IgG deficiency and
higher lymphocyte counts were associated with response to treatment in the study by
Lloyd et al. [10]. In our study, IgG or IgG subclass deficiency was an inclusion criterion
and lymphocyte counts were similar between responders and non-responders. We studied
several immune and metabolic biomarkers which were shown to be altered in a subgroup
of ME/CFS patients in previous studies [25–28]. Evidence from our study suggests that
pretreatment elevated LDH and lower soluble IL-2 receptor levels are a potential response
marker. Further we observed a significant decrease in LDH during IgG treatment. How
could this be explained? The LDH is an enzyme catalyzing the conversion of pyruvate to
lactate and may indicate a preferential energy production via glycolysis rather than the
more efficient oxidative phosphorylation as described in ME/CFS [29]. This may result in
impaired function of immune cells and lower soluble IL-2 receptor levels, too. Thus, the
elevated LDH and lower soluble IL-2 receptor levels may be biomarkers for an impaired
metabolism in ME/CFS.

What are the potential mechanisms of IgG treatment in ME/CFS? The infection control
by IgG is one possibility as many ME/CFS patients suffer from frequent and long-lasting
infections which frequently result in disease aggravation [3]. IgG deficiency is associated
with more infections and is frequent in ME/CFS and was reported also in approximately
half of the patients in the studies by Lloyd and Peterson [11,12]. IgG deficiency was
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associated with response to treatment in the study by Lloyd. Therefore, we included in
our study only patients with mild IgG or IgG subclass deficiency and recurrent infections.
Patients reported less frequent and milder infections during IgG treatment, which may
have an effect on amelioration of disease severity. IgG in a dose of 0.8 g/kg body weight
s.c. can, however, have immunomodulatory effects as well and it is well known that IgG
treatment is effective in autoantibody-mediated autoimmune diseases. There is evidence
that infection-triggered ME/CFS is an autoimmune disease [2]. In line with this notion
all responder in our study had an infection-triggered onset. In three of the previous
RCT studies information on the type of onset is provided with the majority of patients
reporting an infection-triggered onset (76–97%) [10–12]; however, the authors did not
provide information if this had an impact on response. There is evidence of clinical efficacy
of other immunomodulatory treatments targeting autoantibodies in ME/CFS including
previous rituximab trials with a dose of 500 mg/m2, immunoadsorption, and endoxan [5–7].
A total of 3 months following cessation of IgG treatment physical functioning assessed by
SF-36 decreased again. Remission times of IgG treatment in autoimmune diseases can be
short [8]. Thus, it would be desirable to treat ME/CFS patients for more than 12 months
with IgG in a consecutive study.

Treatment with s.c. IgG is usually well tolerated in primary immunodeficiency
(PID) [30]. Compared to PID patients we observed side-effects to occur frequently in
patients with ME/CFS including headaches and liver enzyme elevations. This is in line
with the study by Lloyd et al. who reported that constitutional symptoms occurred with
53 of the 65 IgG (82%) but only 19 of the 78 placebo infusions (24%) [10]. Transient eleva-
tion of ALT levels developed in eight IgG recipients but only one placebo recipient [10].
Similarly, in the study by Peterson et al. headaches were reported more frequently in the
IgG group [11]. Thus, a higher frequency of adverse events should be taken into account
when treating patients with ME/CFS with IgG.

We observed diminished sCD26 to be associated with intolerability of IgG treatment
and early disease deterioration. sCD26 was reported in two previous studies to be di-
minished in a subset of ME/CF patients [25,31]. sCD26 or sDPP4 is well known as an
enzyme cleaving glucagon, but also various immune mediators including chemokines and
bradykinin [32,33]. It may well be that diminished levels of sCD26 are associated with
elevated levels of such immune mediators which may result in more side effects of IgG
therapy. Several patients reported better tolerability of the infusions with improvement of
their ME/CFS symptoms during treatment. Similarly, more than the expected number of
side-effects were observed in the rituximab trial [24].

5. Conclusions

Taken together, our study has several limitations, including a small patient number
and a lack of a control arm. The strength of this study is to show the feasibility of a dose
escalation s.c. IgG home treatment in ME/CFS patients. Furthermore, it provides first
evidence for efficacy of an intermediate dose s.c. IgG treatment and potential biomarkers
for response. This warrants an RCT study.
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Abstract: Post-exertional malaise (PEM) is regarded as the hallmark symptom in chronic fatigue
syndrome (CFS). The aim of the current study is to explore differences in CFS patients with and
without PEM in indicators of aortic stiffness, autonomic nervous system function, and severity of
fatigue. One-hundred and one patients met the Fukuda criteria. A Chronic Fatigue Questionnaire
(CFQ) and Fatigue Impact Scale (FIS) were used to assess the level of mental and physical fatigue.
Aortic systolic blood pressure (sBPaortic) and the autonomic nervous system were measured with
the arteriograph and Task Force Monitor, respectively. Eighty-two patients suffered prolonged PEM
according to the Fukuda criteria, while 19 did not. Patients with PEM had higher FIS scores (p = 0.02),
lower central systolic blood pressure (p = 0.02) and higher mental fatigue (p = 0.03). For a one-point
increase in the mental fatigue component of the CFQ scale, the risk of PEM increases by 34%. For
an sBPaortic increase of 1 mmHg, the risk of PEM decreases by 5%. For a one unit increase in
sympathovagal balance, the risk of PEM increases by 330%. Higher mental fatigue and sympathetic
activity in rest are related to an increased risk of PEM, while higher central systolic blood pressure is
related to a reduced risk of PEM. However, none of the between group differences were significant
after FDR correction, and therefore conclusions should be treated with caution and replicated in
further studies.

Keywords: PEM; myalgic encephalomyelitis; brain fog; vascular stiffness

1. Introduction

Chronic Fatigue Syndrome (CFS) is characterized by a substantial deterioration of
symptoms that could be provoked in response to physical exercise in patients with post-
exertional malaise (PEM) [1]. The National Academy of Medicine reports the prevalence
of PEM among CFS patients as being from 69 to 100% [2]. PEM is regarded as a hallmark
symptom of CFS [3]. However, some criteria, such as the Fukuda case definition [4], do
not require PEM to be present for a CFS diagnosis. The majority of patients, i.e., 73.4%,
reported the duration of PEM as being equal to or longer than 24 h [5].

The exact mechanism that underlies PEM is as yet unknown. However, it has been
reported that patients with CFS experience shortness of breath [6]. Disruption of the resting
respiratory rate induced by PEM has been observed [7].
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In addition, an attenuated adrenaline response to physical exercise has been observed
in CFS, compared to healthy controls [8], along with more pronounced increases of nitric
oxide metabolites after a physical exercise test [9]. The decreased response of adrenaline
to physical exercise and a disturbance of nitric oxide metabolites are in line with the
observations of Bond et al. [10], who recently proposed that a disturbance in the functioning
of the vascular system was a key factor in PEM pathogenesis.

A decrease in the ability of large arteries to adapt readily to an increase in the amount
of blood ejected during heart muscle contraction has been reported. Aortic pulse wave, or
pulse wave propagation velocity (PWV), and an indirect parameter, the augmentation index
(Aix), constitute a relatively simple, non-invasive, and reproducible method to determine
arterial stiffness [11]. Arterial stiffness has been found to be associated with cardiovascular
events in older cohorts, and, when measured, PWV is considered to be a significant risk
factor for cognitive decline. Furthermore, a less elastic arterial system occurs together with
impaired autoregulation of cerebral perfusion. In consequence, episodes of hypotension
might lead to an increase in the risk of brain hypoperfusion. High arterial stiffness might
occur in CFS patients [12] and could serve as a marker of increased cardiovascular risk
in this population. Słomko et al. show that CFS patients with sympathetic autonomic
dominance had the highest value of arterial stiffness, compared to patients with autonomic
balance [13]. Hunter et al. suggest that a higher elasticity of large arteries was correlated
with lower subjective fatigue in older women with CFS [14].

The Fukuda criteria can distinguish between CFS and chronic fatigue. However,
a further subclassification of the former group into PEM positive and PEM negative
subgroups has been suggested [15]. In contrast to the Fukuda criteria, the Canadian
Consensus Criteria (CCC) require PEM for a diagnosis of CFS [16]. Therefore, it has been
suggested that patients diagnosed on the basis of the Fukuda criteria are a heterogeneous
group [17]. However, unlike generalized fatigue, PEM can be associated with extreme
disruption of daily life functioning [18]. However, the Fukuda definition, which has been
in use for twenty-seven years, has, until recently, been the most widely used case definition
for ME/CFS, and is still very widely used in research and clinical practice. The CCC case
definition identifies a more severely affected subgroup of those patients identified by the
Fukuda definition. The main feature which serves to distinguish those Fukuda-positive
patients who are also CCC-positive from those who are not is the presence of PEM. We
decided to rely on the Fukuda criteria for CFS to examine the differences between the CFS
subgroups of patients with and without PEM. The underlying mechanism of PEM is still not
fully understood; therefore we conducted a cross-sectional study to explore the differences
in selected physiological parameters and symptoms severity in CFS patients with PEM,
compared with those without. The aim of the current study is to examine differences in
CFS patients with and without PEM in indicators of aortic stiffness, autonomic nervous
system function, and severity of physical and mental fatigue.

2. Materials and Methods

The current study took place from January 2013 to July 2018. The Ethics Committee, of
the Ludwik Rydygier Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University,
Torun approved the study (KB 332/2013, date of approval: 25 June 2013). Written, informed
consent was obtained from all the participants.

2.1. Enrolment

A group of 131 patients with CFS between 25 and 65 years of age were recruited via
telephone, e-mail, and mass-media advertisements. The main enrolment criteria included:

(1) Fukuda criteria (2) Fatigue Severity Scale score higher than 36 points and persis-
tent fatigue for more than 6 months (3) had suffered from one or more of four additional
symptoms: post-exertional malaise, impaired memory and/or concentration, unrefreshing
sleep, headache, sore throat, tender lymph nodes (axillary or axillary), muscle or joint pain,
(4) perceived fatigue could not be explained by an underlying condition. On inclusion, all
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CFS patients received a pre-test health state assessment: basic neurological, psychiatric,
clinical examination, and had been referred by a general practitioner and by the neurology
and psychiatry departments. The exclusion criteria included: (1) any indication of under-
lying illness, (2) medical condition explaining fatigue, (3) psychiatric disorders. Hospital
Anxiety and Depression Scale (HADS) has been performed to assess anxiety (HADS_A)
and depression (HADS_D) symptoms intensity [19]. Beck Depression Inventory (BDI-II)
was used to examine depression symptoms intensity [20].

30 participants were excluded as they did not meet the Fukuda criteria (n = 10), had
an underlying psychiatric illness (n = 13), or had another diagnosis, or fatigue was not the
primary complain (n = 7).

On the day of investigation all subjects were instructed to eat a light breakfast, and
refrain from smoking, caffeine, alcohol consumption and vigorous physical activity. All
tests were carried out in a chronobiology laboratory (soundproofed room without windows,
temperature 22 ◦C, humidity 60%) and were performed at approximately the same time
of day.

2.2. Measurement
Scales

The Chalder Fatigue Questionnaire (CFQ) [21], Fatigue Severity Score (FSS) [22]
and the Fatigue Impact Scale (FIS) [23] were administered to provide a comprehensive
assessment of fatigue severity. The CFQ assessed physical and psychological fatigue. It
consists of 11 items that could be divided to mental (4 items) and physical fatigue (7 items)
dimensions. Scoring was made in “Likert” style (in a range from 0 to 3) therefore the total
score could be 0 at minimum and 33 at maximum and from 0 to 12 in mental and from 0 to
21 points in physical dimension. Moreover, binary scoring of the total score (0 for absence
ad 1 for presence) was done. FSS assessed fatigue in the past week. It consists of nine
items that are statements. Patients could choose an option from strongly disagreeing with a
statement (1 point) to strongly agreeing with a particular statement (7 points). Total scores
ranged from 9 to 63 points. FIS assessed cognitive, physical, and psychosocial fatigue.
Higher scores indicate higher severity in all domains. Likert-like scoring with a range of
0–4 points per item was applied to 40 items in total. Therefore the total score could range
from 0 to 160 points. In all fatigue questionnaires, the higher the results in points, the more
severe fatigue.

The Hospital Anxiety and Depression Scale (HADS) was performed to assess anxiety
(HADS_A) and depression (HADS_D) symptoms intensity [19]. The Beck Depression
Inventory (BDI-II) was used to examine depression symptoms intensity [20]. Both scales
were used only at the baseline to exclude patients with depression.

The Epworth sleepiness scale (ESS) [24] was used to assess patients’ general daytime
sleepiness.

2.3. Autonomic Symptom Assessment

We used subjective and objective tools to measure the function of the autonomic
nervous system. The Autonomic Symptom Profile served to measure presence, frequency,
and dynamics of autonomic symptoms severity [25]. Scoring was done based on the
Composite Autonomic Symptom Score 31 (COMPASS 31) [26]. Questionnaire contains 31
items assessing six dimensions of autonomic nervous system function, namely response
to orthostatic stress, vasomotor and secretomotor reactions, function of, bladder and
gastrointestinal tract, as well as pupillomotor reflex. Scores from individual domains were
weighted. The total score is 100 points, the higher the score the higher the symptom load.
In addition, Orthostatic Grading scale (OGS) was used to assess response to orthostatic
stress [27].

Second, ANS functioning was automatically measured with a Task Force Monitor—
TFM (CNS Systems, Gratz, Austria). Signals from a three-channel ECG were analyzed
using the adaptive autoregressive model [28]. Low frequency (LFnu-RRI) (0.04–0.15 Hz)
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and high frequency (HFnu-RRI) (0.15–0.4 Hz) components of R-to-R intervals in normalized
units, as well as its ratio (LF/HR-RRI), were recorded and analyzed in rest. Assessments
were performed after a 5 min waiting period in a supine position, which allowed for signals
to stabilize. Then, an assessment at rest was performed in supine position for a further
5 min.

2.4. Arterial Stiffness

Arterial stiffness was measured using an oscillometric non-invasive Arteriograph
(TensioMed Kft, Budapest, Hungary, www.tensiomed.com, accessed on 18 March 2021).
This is a device that uses a simple upper arm cuff as a sensor, with the cuff pressurized to
at least 35 mmHg over the actual systolic pressure. The device determines the PWVaortic
and augmentation index according to the manufacturer’s instructions. Arteriograph mea-
surement has been described extensively in previous papers [29–31]. The Arteriograph,
simultaneously with the arterial stiffness parameters, also records the actual systolic and
diastolic blood pressure (BPs) and heart rate.

The difference between the central and peripheral systolic blood pressure was calcu-
lated based on measurement from arteriography and TFM, respectively.

2.5. Statistical Analysis

Histogram visual inspection and the Shapiro–Wilk test were applied to test the nor-
mality assumption. To examine between-group differences (patients with PEM vs. those
without) Mann–Whitney U or independent T-tests were used, depending on assumptions
met. To predict presence of PEM in examined patients, a logistic regression model using the
GLM function was applied in R. In addition, 95% confidence intervals for log-likelihoods
and odds ratios were calculated (confit function using bootstrap). The DescTools pack-
age was used to calculate pseudo R2 for the model [32]. Dotwhisker plots were used
to visualize odds ratios and confidence intervals [33]. Violin graphs were created us-
ing R [34] with a ggstatsplot library [35]. Effect sizes from the ggstatsplot library are
reported for between group comparisons. The false discovery rate (FDR) was controlled
using a Benjamini–Hochberg adjusted p-value, applying an online calculator available
at (https://tools.carbocation.com/FDR, accessed on 18 March 2021). The results contain
p-values before as well as after correction.

3. Results

One hundred and one patients met the Fukuda criteria for CFS and were included
in the analysis (Table 1). The patients were divided into groups with PEM or without
PEM. Eighty-two patients reported prolonged PEM, whilst nineteen patients were free of
prolonged PEM. Both groups consisted predominantly of women, comprising fifty-one
patients from PEM group (62.2%), and fourteen (73.7%) in the group without PEM. Table 1
describes detailed characteristics about the total group and group differences between the
patients with PEM and those without.

Table 2 presents differences in arteriography results between patients with PEM and
those without PEM. Table 3 indicates differences between patients with PEM and those
without PEM, in respect of autonomic nervous system function indicators.

Patients with PEM had higher overall fatigue, as measured by FIS (81.61 ± 30.3 vs.
63.05 ± 33.9, t = −2.19, p = 0.02, Hedges’ g = −0.57 (−1.07, −0.03), and higher mental
fatigue (9.13 ± 1.8 vs. 7.95 ± 2.2, Z = 2.18, p = 0.03, r = −0.22 (−0.39, −0.03) (Table 1). Mean
fatigue scores in the total sample were 23.68 points (range 0–33 points) in the CFQ scale,
47.03 points (range 9–63 points) in FSS, and 78.12 points (range 0–160 points) in FIS.

Patients with PEM had lower central systolic blood pressure than those without PEM
(127.49 ± 15 vs. 141.05 ± 21.1, Z = −2.37, p = 0.02, r = 0.24 (0.06, 0.44) (Table 2). No
significant differences in blood pressure measured peripherally were observed (Table 2).

Patients with PEM had higher LFnu-RRI (56.61 ± 16.7 vs. 46.64 ± 13.9, Z = 2.58, p =
0.01, r = −0.26 (−0.45, −0.06), lower HFnu-RRI (43.39 ± 16.7 vs. 53.36 ± 13.9, Z = -2.58, p =
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0.01, r = 0.26 (0.07, 0.44) and higher LF/HF-RRI (1.96 ± 2.2vs. 1.13 ± 0.9, Z = 2.37, p = 0.02,
r = −0.24 (−0.42, −0.06). Also, LF/HF was higher in patients with PEM (1.66 ± 1.5 vs. 0.94
± 0.5, Z = 2.96, p = 0.003, r = −0.29, (−0.45, −0.14). In addition, patients with PEM had
higher LFnu-dBP (53.88 ± 14.4 vs. 43.45 ± 13.8, Z = 2.69, p = 0.01, r = −0.27 (−0.47, −0.11)
and higher LF/HF-dBP (7.27 ± 6.0 vs. 4.32 ± 3.6, Z = 2.36, p = 0.02, r = −0.23, (−0.45,
−0.04) (Table 3).

Table 1. Demographic data of total examined sample (n = 101) and comparison of demographic data and questionnaires
results of patients with PEM and without PEM, respectively.

Variable
Total

Sample
PEM Mean ± SD Without PEM Mean ± SD p-Value FDR p-Value

Age [years] 38.15 ± 8.0 38.23 ± 8.1 37.79 ± 8.0 0.83 0.88
Height [cm] 171.55 ± 8.4 172.07 ± 8.7 169.32 ± 6.6 0.20 0.15
Weight [kg] 72.22 ± 12.6 72.77 ± 12.6 69.84 ± 12.5 0.36 0.61

BMI 24.47 ± 3.6 24.51 ± 3.5 24.31 ± 3.8 0.83 0.85
Symptoms duration [years] 4.54 ± 4.1 4.75 ± 4.2 3.64 ± 3.7 0.20 0.44

CFQ [points] 23.68 ± 4.6 24.07 ± 4.6 22.00 ± 4.4 0.08 0.21
CFQ_BINARY [points] 14.06 ± 4.8 14.49 ± 4.6 12.21 ± 5.1 0.07 0.22

CFQ_PHYSICAL [points] 10.47 ± 3.9 10.39 ± 4.0 10.79 ± 3.7 0.50 0.69
CFQ_MENTAL [points] 8.91 ± 2.0 9.13 ± 1.8 7.95 ± 2.2 0.03 0.11

FSS [points] 47.03 ± 10.1 47.57 ± 9.4 44.68 ± 12.8 0.46 0.68
FIS [points] 78.12 ± 31.6 81.61 ± 30.3 63.05 ± 33.9 0.02 0.09

HADS_A [points] 9.27 ± 3.5 9.22 ± 3.4 9.47 ± 4.2 0.78 0.87
HADS_D [points] 7.85 ± 3.4 8.00 ± 3.5 7.21 ± 2.9 0.36 0.63

BDI [points] 15.83 ± 7.9 16.15 ± 8.1 14.39 ± 6.9 0.57 0.75
ESS [points] 10.86 ± 5.6 11.01 ± 5.5 10.21 ± 6.3 0.65 0.78
OGS [points] 3.64 ± 3.2 3.71 ± 3.4 3.37 ± 2.5 0.98 0.98

Orthostatic intolerance
[points] 11.96 ± 11.0 12.24 ± 11.3 10.74 ± 10.0 0.67 0.77

Vasomotor [points] 0.83 ± 1.4 0.86 ± 1.4 0.70 ± 1.4 0.57 0.73
Secretomotor [points] 5.52 ± 3.9 5.64 ± 3.9 4.96 ± 3.9 0.49 0.70

Gastrointestinal [points] 5.09 ± 4.2 4.89 ± 4.1 5.97 ± 4.7 0.37 0.60
Bladder [points] 0.54 ± 0.9 0.57 ± 1.0 0.41 ± 0.8 0.60 0.74

Pupillomotor [points] 1.15 ± 1.2 1.22 ± 1.2 0.86 ± 0.9 0.38 0.59
Compass-31 Total [points] 25.09 ± 14.7 25.43 ± 15.0 23.64 ± 13.4 0.81 0.88

BMI—body mass index, CFQ—Chalder Fatigue Questionnaire, FSS—Fatigue Severity Scale, FIS—Fatigue Impact Scale, HADS_A—Hospital
Anxiety and Depression Scale anxiety, HADS_D—Hospital Anxiety and Depression Scale depression; BDI—Beck Depression Inventory,
ESS—Epworth Sleepiness Scale, OGS—Orthostatic Grading Scale, Compass-31—Composite Autonomic Symptom Score 31.

Table 2. Comparison of arteriography results of patients with PEM and without PEM.

Variable PEM Mean ± SD Without PEM Mean ± SD p-Value FDR p-Value

PWVaortic [m/s] 8.33 ± 1.7 8.65 ± 1.8 0.21 0.41
Aixaortic [%] 28.11 ± 14.4 32.95 ± 15.5 0.20 0.41

sBPaortic [mmHg] 127.49 ± 15 141.05 ± 21.1 0.02 0.12
central-peripheral sBP [mmHg] 9.56 ± 21.7 23.41 ± 25.7 0.06 0.20

PWVaortic—Pulse Wave Velocity aortic, sBPaortic—aortic systolic blood pressure, central-peripheral sBP—difference between central and
peripheral systolic blood pressure levels.
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Table 3. Comparison of autonomic parameters in patients with PEM and without PEM.

Variable
PEM Mean ±

SD
Without PEM
Mean ± SD

p-Value FDR p-Value

Spectral analysis of HR variability
LFnu-RRI 56.61 ± 16.7 46.64 ± 13.9 0.01 0.12
HFnu-RRI 43.39 ± 16.7 53.36 ± 13.9 0.01 0.19

LF/HF-RRI 1.96 ± 2.2 1.13 ± 0.9 0.02 0.08
LF/HF 1.66 ± 1.5 0.94 ± 0.5 0.003 0.11

Spectral analysis of BP variability
LFnu-dBP 53.88 ± 14.4 43.45 ± 13.8 0.01 0.09
HFnu-dBP 11.67 ± 7.3 18.20 ± 16.0 0.07 0.20

LF/HF-dBP 7.27 ± 6.0 4.32 ± 3.6 0.02 0.11
LFnu-sBP 42.86 ± 14.0 38.14 ± 13.7 0.19 0.44
HFnu-sBP 14.86 ± 9.3 18.74 ± 14.0 0.31 0.57

LF/HF-sBP 4.10 ± 2.8 3.02 ± 1.8 0.17 0.42
LFnu—low frequency normalized units, HFnu—high frequency normalized units, LF/HF—ratio of low frequency
to high frequency, RRR—R to R interval, sBP—systolic blood pressure, dBP—diastolic blood pressure.

Figure 1 presents differences between patients without PEM and patients with PEM
in the level of the CFQ mental fatigue sub-score (Figure 1a), aortic sBP (Figure 1b) and
sympathovagal balance (Figure 1c). This set of variables was then included in logistic
regression models as PEM presence predictors.

Figure 1. Comparison of patients with PEM vs. without PEM in the CFQ mental fatigue sub-score (a), aortic sBP (b) and
sympathovagal balance (c). Red dots indicate mean value, horizontal black line inside the box denotes median value.
Green dots before and orange dots after denote results of individual patients. Shape of violin graph indicates distribution
of results.
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Figure 2 shows the estimate of parameters and their confidence interval (−95%, 95%)
in logistic regression analysis. In terms of odds ratios, the results were as follows: for a
one point more increase in the mental fatigue component of the CFQ scale, the risk of
PEM increases by 34% (CI = 2%, 80%). For an aortic systolic blood pressure increase of
1 mmHg, the risk of PEM decreases by 5% (CI = 9%, 2%). For a one unit more increase
in sympathovagal balance, the risk of PEM increases by 330% (CI = 50%, 1516%). (AIC =
81.18, BIC = 91.6, Tjur’s R2 = 0.26) (Table A1 in Appendix A).

Figure 2. Logistic regression estimates predicting PEM presence. The horizontal axis refers to the odds ratio. Dots denote
parameter estimates, while the horizontal lines through the dots denote 95% confidence intervals of the estimates.

4. Discussion

The results of the present study have shown that CFS patients with PEM had sig-
nificantly higher mental fatigue, overall fatigue being measured by FIS, which was one
of the three fatigue scales used in the above research. Moreover, patients with PEM had
lower central systolic blood pressure. However, no difference in levels of peripheral blood
pressure was observed. Higher mental fatigue is related to a higher risk of PEM, while
higher central systolic blood pressure is related to lower risk of PEM. However, none of the
between group differences were significant after FDR correction, and therefore conclusions
should be treated with caution and replicated in further studies.

As has been noted in the introduction, 73.4% assessed PEM duration as equal to
or longer than 24 h [5]. As a result of the dramatic decline in patients’ physical and/or
cognitive functioning, some patients might have to adjust their lifestyle and activity levels
to avoid inducing PEM [2]. Some 25–29% of patients are reported to be bedbound or
housebound [2]. The annual cost of CFS in the USA is estimated to be around $18 to $24
billion [2]. PEM was proposed as a prognostic indicator of CFS course [2], so studies of
PEM have high clinical significance. Exploration of the PEM mechanism could lead to more
effective therapeutic approaches, and thus to improvement of overall patient function.

The above findings are in line with previous research, which suggests that chronic vas-
cular damage might cause a lack of exercise-induced vasodilation and be a potential cause
of PEM [10]. In CFS, reduced blood pressure is frequently reported [36,37]. Additionally, an
inverse relationship between increasing fatigue and diurnal blood pressure variation has
been observed [38]. In our sample, despite a lack of difference in peripheral systolic blood
pressure (with a mean lower than 120 mmHg in both groups), increased central systolic
blood pressure was observed in patients with PEM. In certain conditions, such as during
physical activity, the correlation between peripheral and central systolic blood pressure
may decrease [38]. It is tempting to speculate that an increase in central systolic blood
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pressure in some CFS patients might occur before other pathological changes. Conversely,
increased arterial stiffness was observed in healthy young adults in response to acute sleep
deprivation. Arterial stiffness might therefore be secondary to comorbidities, such as sleep
disturbance [39]. Further studies should examine the exact mechanism underlying the
relationship between central systolic blood pressure, PEM fatigue, and factors responsible
for blood pressure regulation in CFS. As a result of the rich symptomatology, an attempt
should be made to classify different subgroups of CFS patients according to comorbidities.
Further studies could possibly focus on the vascular system in all CFS patients, or perhaps
just in a specific sub-group. Further exploration of this field would be helpful to establish
possible personalized therapeutic approaches in CFS. In the present study, PEM presence
was related to a higher mental fatigue component. Moreover, our previous study has
shown that arterial stiffness parameters are related to fatigue severity; higher FIS and lower
FSS scores were related to lower aortic stiffness [13]. Presumably, some of the mechanisms
underlying this relationship could similarly link central blood pressure to PEM. Thus,
mental fatigue might be related to dysfunction in ß2 adrenergic receptor and vascular or
endothelial function, which in turn could lead to reduced cerebral blood flow (CBF) [40].
A decrease in CBF has been observed in CFS patients [41] and CBF has been shown to be
correlated with fatigue severity [42]. Significantly, a negative correlation was seen between
CBF and skeletal muscle pH at rest, which might explain why mental fatigue could be
related to muscular fatigue [43]. However, the mechanisms described above are purely
speculative and need to be examined in further studies.

In the current study, sympathetic nervous system function was more active during
rest in the group with PEM, compared with the group without PEM. Moreover, indicators
of parasympathetic nervous system activity were lower during rest. Findings in the
PEM group are in line with the previous study by Frith et al. [36], where LF-dBP at rest
was higher in a CFS group compared to controls. Parasympathetic activity was reduced
in the CFS patients after inducing PEM [44]. During physical exercise, cardiac output
distribution is governed by the sympathetic nervous system [45]. Surprisingly, in the PEM
group, increased sympathetic drive coexisted with lower central systolic blood pressure.
It is noteworthy that numerous factors can have an impact on the control of the ANS in
the constriction of vascular beds, individual vessels, and even different parts of the same
vessel [45]. Those factors include density and subtypes of adrenergic receptors and action of
contransmitters, norepinephrine kinetics, density of sympathetic innervations, and degree
of basal tone [45]. Additionally, local factors, such as the concentrations of vasoactive tissue
metabolites, vessel size, and structure may also play a part in changes in vessel diameter
and therefore in cardiac output distribution [45]. The disturbance in some of those factors
could play an important role in PEM pathogenesis. Similar mechanisms for PEM have
been proposed [40]. However, based on our findings, it is not possible to delineate the
exact mechanism underlying the observed disturbances in ANS and whether it is related to
PEM. Further studies should examine vascular function in response to stressors and its role
in PEM. Understanding PEM mechanisms could contribute to the development of specific
PEM therapy.

What is surprising is that the current results, corrected for multiple comparisons,
showed no significant differences between the subgroup with PEM and that without PEM,
in terms of fatigue as measured by scales. This is in contrast to a previous study, where
higher PEM intensity was related to higher frequency and intensity of symptoms, and
greater problems with emotional regulation [17]. However, discrepancies in the results
observed might be related to a difference in methodology. In the current study, the division
of CFS patients into PEM present or PEM absent subgroups was based on a binary variables
(presence of prolonged post-exertional malaise), while May et al. divided patients into a
group with no to moderate intensity of PEM (loPEM), and a group with severe to very
severe PEM (hiPEM) [17]. Future studies should further examine if PEM is a distinct
characteristic feature, on which basis a subgroup of CFS patients might be distinguished, or
whether PEM is related directionally or non-directionally to other symptoms from which
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CFS patients suffer. In addition, it was suggested that further multi-center studies on CFS
should apply the same protocols [46]. Therefore, it is necessary to make a decision as to
whether PEM should be a symptom required for CFS diagnosis, which would have an
impact on the types of criteria of CFS used in research.

Study Limitations

In the above study, PEM was measured subjectively. Further studies should incorpo-
rate a protocol based on repeated Cardiopulmonary Exercise Tests, to confirm objectively
the presence of PEM in CFS patients. A difference in sample size between the subgroup
with PEM and that without PEM was observed, which seems to reflect PEM prevalence
in the general population. By increasing the sample size, a higher number of patients
without PEM could be included as a control group. Sample size should therefore be in-
creased in further studies on PEM in CFS. Meta-analysis showed that PEM occurs 10.4
times more frequently in CFS patients in comparison with other groups [47]. Comparison
between patients with CFS might potentially reduce potentially confounding factors. The
present study design is cross sectional, so no conclusions about causality can be drawn
based on the current results. Further studies should explore the PEM mechanism applying
intervention-based protocols. In addition, to reveal potential biological mechanisms, a
deep phenotyping approach could be chosen, using a repeated CPET protocol to elicit PEM
and to examine changes in biomarkers related to changes in PEM.

5. Conclusions

Patients with PEM had significantly higher mental fatigue and overall fatigue than
those without PEM, as measured by FIS, one of the three fatigue scales used in the above
research. They also had higher mental fatigue and sympathetic activity compared with
parasympathetic activity during rest and lower central systolic blood pressure. However,
none of these differences remained statistically significant after correction for multiple
comparisons. Further studies should be conducted to confirm if higher mental fatigue and
higher sympathetic activity, compared with parasympathetic activity at rest and lower
central systolic blood pressure, are related to a higher risk of PEM.
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Appendix A

Table A1. Logistic regression predicting PEM presence.

Term Estimate −95% CI 95% CI z Value p-Value

CFQ_MENTAL_FATIGUE 0.29 0.02 0.59 2.02 0.04
SBPaortic −0.05 −0.09 −0.02 −2.66 0.01

LF/HF 1.46 0.43 2.78 2.45 0.01
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Abstract: Background: The therapeutic effects of exercise from structured activity programmes have
recently been questioned; as a result, this study examines the impact of an Individualised Activity
Program (IAP) on the relationship with cardiovascular, mitochondrial and fatigue parameters. Meth-
ods: Chronic fatigue syndrome (CFS) patients were assessed using Chalder Fatigue Questionnaire
(CFQ), Fatigue Severity Score (FSS) and the Fatigue Impact Scale (FIS). VO2peak, VO2submax and
heart rate (HR) were assessed using cardiopulmonary exercise testing. Mfn1 and Mfn2 levels in
plasma were assessed. A Task Force Monitor was used to assess ANS functioning in supine rest and
in response to the Head-Up Tilt Test (HUTT). Results: Thirty-four patients completed 16 weeks of
the IAP. The CFQ, FSS and FIS scores decreased significantly along with a significant increase in
Mfn1 and Mfn2 levels (p = 0.002 and p = 0.00005, respectively). The relationships between VO2 peak
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and Mfn1 increase in response to IAP (p = 0.03) and between VO2 at anaerobic threshold and ANS
response to the HUTT (p = 0.03) were noted. Conclusions: It is concluded that IAP reduces fatigue
and improves functional performance along with changes in autonomic and mitochondrial function.
However, caution must be applied as exercise was not well tolerated by 51% of patients.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; autonomic nervous system; exer-
cise; mitofusin; oxygen consumption

1. Introduction

Chronic Fatigue Syndrome (CFS) is a complex condition characterised by symptoms
including chronic fatigue, disturbance in cognitive functions, autonomic dysfunction,
pain, ineffective sleep and exercise intolerance [1,2]. Physical or mental exertion might
lead to intense debilitating fatigue, musculoskeletal pain, sleep disturbance, headaches,
impairments in concentration and short-term memory [3]. Accumulating evidence suggests
that the cardiovascular system may be compromised in individuals suffering from CFS,
along with reports of autonomic dysfunction [3], impaired heart rate (HR), blood pressure
regulation and impaired heart conduction [4].

Autonomic nervous system (ANS) dysfunction is one of the widely described parts of
CFS pathomechanism [4]. ANS function can be measured non-invasively using heart rate
variability (HRV) [5,6], which differentiates between healthy and diseased states, and is
associated with mortality [7]. HRV seems to be a useful biomarker of mental health, stress
response and adaptation [8].

Based on HRV, it is proposed that low frequency (LF) variability is an indicator of
sympathetic nervous system activity, while high frequency (HF) is an indicator of vagal
activity [5,6]. A recent meta-analysis suggests that resting sympathetic hyperactivity,
indicated by changes in HRV and blood pressure variability (BPV) might be related to a
lower HRmax in CFS patients compared to healthy controls [4]. It is anticipated that chronic
sympathetic overactivity might lead to the downregulation of ANS receptors and therefore
may suppress HRmax. Moreover, the HR response to a head-up tilt testing (HUTT) was
higher in CFS patients compared to healthy controls [4]. The HUTT might serve as a tool
in the diagnosis of ANS dysfunction [9,10]. Whilst physical activity programmes might
lead to improvement in the ANS in athletes [11], low-volume high-intensity training also
improves HRV in sedentary adult men [12]. In addition, the relationship between increased
VO2max and increased HRV has also been observed in response to a physical activity
program [13].

Although fatigue is multi-dimensional in nature it was recently demonstrated that
VO2peak could be an independent predictor of fatigue [14] thus, suggesting the importance
of measuring this as a component of health-related fatigue. A recent meta-analysis [15]
compared the data of healthy controls and those with CFS from a single exercise test.
Franklin et al. [15] demonstrated a pooled mean VO2peak that was 5.2 mL kg−1 min−1

lower in CFS compared to healthy controls [15]. However, between subject variability was
3.5 (1.5–4.5 mL kg−1 min−1) indicating substantial heterogeneity.

In addition to ANS disturbance, mitochondrial dysfunction may also be present in
individuals with CFS [16]. The examination of biopsy of muscle tissue using electron mi-
croscopy has shown degeneration of mitochondria within this population [17–19]. Healthy
mitochondria undergo continual fusion that requires GTPase transmembrane proteins
mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2). Deletion of Mfn1 and Mfn2 can lead to a
decrease in exercise capacity, which is brought about and worsened by dysfunction in
Complex I and IV [20]. Both Mfn1 and 2 are upregulated after physical exercise training in
healthy individuals [21]. During starvation or stress, mitochondria form a network struc-
ture with mitochondria in a fused state [22]. In this state it is proposed that mitochondria
are more efficient at making ATP when substrates are limiting sharing respiratory chain
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complexes and making the best use of substrates available [23–25]. However, more recently
mitochondrial hyperfusion has been linked to various diseases with a negative effect on
cell function (reviewed in Rajdeep [26]). Endurance training has the potential to increase
mitochondrial functioning, improving biogenesis, mitophagy, and efficiency altering fusion
and fission [27]. As already has been mentioned, physical activity programmes might lead
to improvement of ANS in healthy participants [12,27]. Therefore, as disturbance in bioen-
ergetics and ANS might be a presumably important parts of CFS pathogenesis, physical
exercise program could be applied in patients to improve function of those systems.

Previous studies have documented that a structured activity programme for CFS could
be beneficial in some patients in terms of fatigue and disabilities [28–30]. Nevertheless,
the therapeutic effectiveness of aerobic physical exercise programmes on CFS seems to
be unclear and controversial [31,32]. What seems important is that long-term efficacy
of physical exercise programs in CFS patients has been disputed with lack of significant
improvement in fatigue and disability compared to patients allocated to receiving standard
medical care (SMC) for at least 2 years follow-up [31,32]. Importantly, only four percent of
patients from GET group could be considered to be “recovered” when an intention-to-treat
approach and protocol-specified definition of recovery is applied [31]. Moreover, long term
changes in the examined groups were not statistically significant [31].

This study examines the effects of an Individualised Activity Program (IAP) on self-
reported fatigue, respiratory (VO2sumbax and VO2peak), ANS (low frequency to high
frequency ratio of R-R interval (LF/HF-RRI) at rest and during HUTT) and mitochondrial
(Mfn1 and Mfn2 levels) functioning in CFS patients and the interaction of these outcomes to
provide more insight into the disturbance in underlying mechanisms of the exercise effects.

2. Materials and Methods

An activity-based study was performed, which included a homebased exercise inter-
vention and two testing visits, one at baseline, and one post exercise intervention. The
patients’ progress was supervised during telephone calls which took place every week.
The study was approved by the Ethics Committee, Ludwik Rydygier Memorial Collegium
Medicum in Bydgoszcz, Nicolaus Copernicus University, Torun, Poland (KB 332/2013, date
of approval: 25 June 2013) and written informed consent was obtained from all participants.

2.1. Recruitment and Eligibility

CFS patients were included if they met the diagnostic criteria of the Fukuda case
definition for CFS [33]. The patients were recruited based on advertisements in both local
and national TV and newspapers. Initially, 1400 volunteers were assessed for eligibility onto
the trial with 1308 being excluded. Neurological (myasthenia gravis, traumatic brain injury,
stroke, etc.), neurodegenerative (Parkinson’s disease, multiple sclerosis, amyotrophic lateral
sclerosis, etc.), psychiatric/psychological impairment (atypical depression, generalized
anxiety disorder, etc.) and immunologic disorders (systemic lupus erythematosus, type 1
diabetes, celiac disease, rheumatoid arthritis, etc.) which were excluding factors comprised
those of which mechanisms might presumably explain primary symptoms of CFS (reasons
for exclusion depicted in Figure 1). This left 69 individuals who met the trial inclusion
criteria. However, only 53 patients were willing to partake and follow the IAP protocol.
Sixteen CFS patients chose not to undertake baseline cardiopulmonary exercise test (CPET).
Nineteen patients dropped out due to reported severe post-exertional malaise (PEM)
reaction to the IAP [34]. The recruitment and participant flow through the study is shown
in Figure 1. A control group was not recruited in the above study.

Anxiety and Depression

A Hospital Anxiety and Depression Scale (HADS) [35] was performed to assess anxiety
(HADS_A) and depression (HADS_D) symptoms intensity. Beck Depression Inventory
(BDI-II) was used to examine depression symptoms intensity [36]. Both scales were used
only at the baseline to exclude patients with depression.
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Figure 1. CONSORT-type flow diagram.

2.2. Outcome Measures
2.2.1. Body Composition Analysis

To measure body composition changes a multi frequency bioelectrical impedance
analyser (Tanita MC-180MA Body Composition Analyzer, Tanita UK Ltd., Manchester,
UK) was applied. All subjects were attributed a ‘normal’ proprietary algorithm for the
impedance measurement. Before measurement, the soles of the feet and the inner part of
the hand were cleaned with a sterile dressing to remove any lipid layer. Subjects stood
with the ball and heel of each foot in contact with the electrodes on the floor scale. After
recording weight in kilograms, the subjects grasped the hand grips with electrode and
held them down by their sides with arms extended and away from the body to continue
body composition analysis based on bioelectrical impedance signal. Weight kilograms and
height in centimetres were measured, and body mass index (BMI) was calculated as well
as percent of fat mass and free-fat mass (FFM) in kilograms.

2.2.2. Fatigue

The Chalder Fatigue Questionnaire (CFQ) [37], Fatigue Severity Score (FSS) [38]
and the Fatigue Impact Scale (FIS) [39] were administered to provide a comprehensive
assessment of fatigue severity. The CFQ assessed physical and psychological fatigue, FSS
assessed fatigue in the past week and the FIS assessed cognitive, physical and psychosocial
fatigue. Higher scores indicate higher severity in all domains. All questionnaires were
administered at baseline and post intervention.

2.2.3. Autonomic Nervous System (ANS) Functioning

ANS functioning was measured with a Task Force Monitor—TFM (CNS Systems,
Gratz, Austria). Signals from three-channel ECG were analysed using the adaptive au-
toregressive model [40]. Low frequency (LFnu-RRI) (0.04–0.15 Hz) and high frequency
(HFnu-RRI) (0.15–0.4 Hz) components of R to R intervals in normalized units as well
as its ratio (LF/HR-RRI) were recorded and analysed in rest and in response to HUTT.
Assessments were performed after 5 min waiting period in supine position which allowed
for signals to stabilize. Then, an assessment at rest was performed in supine position which
lasted for another 5 min. Heart rate (HR), systolic blood pressure (sBP), diastolic blood
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pressure (dBP) were measured during rest. Moreover, cardiac index (CI) which is a cardiac
output from left ventricle in one minute in relation to body surface area (BSA) was assessed
based on cardioimpendance signal. Afterwards, the assessment was performed during
a passive HUTT at 70◦ angle of inclination following the Newcastle protocol [41]. The
duration of the HUTT was six minutes which is in line with previous reports [42]. A tilt
table with foot support and fastening straps at the knee, hip and chest levels was used to
passively change the body position. Differences between mean values of parameters dur-
ing the third to fourth minute of HUTT along with mean values from the supine position
were analysed.

2.2.4. Mitochondrial Function

Blood samples were taken before (baseline) and after IAP (at 16 weeks) to perform
biochemical analysis. For plasma, whole blood was collected into commercially available
(Vacutainer) anticoagulant EDTA-treated (lavender tops). The cells were removed from
plasma by centrifugation for 15 min at 2500× g using a refrigerated (+4 ◦C) centrifuge.
The resulting supernatant was designated as plasma. After centrifugation plasma was
immediately transferred into a clean sterilized polypropylene tube. The samples were
stored at −80 ◦C until the analysis. Patients started IAP in a sequential manner, therefore
some samples of initially recruited patients were frozen longer than the other samples. All
samples were defrosted and analysed together. Mfn1and Mfn2 levels were examined using
enzyme-linked immunosorbent assay (ELISA) tests (Cloud-Clone, Katy, TX, USA).

2.2.5. Cardiorespiratory Function

In the presence of a physician, the patients undertook a cardiopulmonary exercise test
(CPET) on a treadmill using the Bruce protocol at baseline and at post intervention [43]. A
trained technician provided brief instructions and advised the test would end at the mo-
ment of full exertion, on the command of the physician, or at any other time point, as stated
by the guidelines for safe exercise testing by the American College of Sports Medicine [44].
During exercise there was continuous cardiorespiratory monitoring (Cardiovit CS-200 Ergo-
Spiro, Schiller AG, Baar, Switzerland). Heart rate (HR, VO2, load (watt) and respiratory
exchange ratio (RER (VCO2:VO2)) were measured to assess cardiopulmonary fitness at
baseline and after the intervention. The anaerobic threshold (AT) was determined using
the V-slope method [45].

2.3. Intervention
Individualised Activity Programme (IAP)

The IAP has been previously reported [34] and consisted of a prescribed 16-week
multimodal home activity programme. The activities were performed 5 days a week, with
time (10–40 min) and intensity (30–80% HRpek) increasing gradually across the time period.
The HR intensity during activity was individually prescribed based on the actual HRpeak
achieved during the CPET. Patients were equipped with HR monitors (Beurer PM 25) to
help them in sustaining the recommended HR. Every week, telephone calls were made
to resolve potential problems with compliance and to ensure patients were satisfied with
the protocol. Patients underwent a minimum of 80 activity sessions, which was the total
number of sessions in 16 weeks.

2.4. Statistical Methods

Mitofusins level were not assessed in one patient due to technical difficulties during
blood drawing (both before and after physical exercise program) and therefore data on
mitofusins level from this patient was not included into analysis. Descriptive statistics
include the calculation of means and standard deviations. The Shapiro–Wilk test was used
to test the assumption of normality. Variables where values did not meet the normality
of distribution assumption, were analysed using Wilcoxon signed-rank test, which was
used to compare pre vs. post intervention outcomes. In all other cases t-tests of dependent
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samples were used. R denotes effect size for Wilcoxon signed-rank test and student t-test
provided for statistically significant results [46]. The above tests were performed using
statistical package STATISTICA 13.1 (StatSoft, Inc., Tulsa, OK, USA).

Mixed models with random effects were applied to analyse the dependence of CFS,
FSS and FIS scales on the CPET and ANS indicators measured at rest and in response to the
HUTT. In order to assess the dependence of cardiopulmonary functioning on biochemical
parameters and ANS indicators measured at rest and changes in response to tilt mixed
models with random effects was performed. In each model, the patients’ effects were fitted
as random. In the models the maximum likelihood method was applied for estimating
variance parameters. Analyses were performed with R version 3.6.2 (R: library lme) [47].
Spearman’s correlation was used to analyse relationship between outcomes of the study.

Graphs were created using an R environment [47] with a ggpubr package based
on ggplot2 [48]. Benjamini-Hochberg Adjusted P value was chosen to control for False
Discovery Rate (FDR). An online calculator for FDR corrections was used (https://www.
sdmproject.com/utilities/?show=FDR, accessed on 17 August 2020). p-values prior and
following FDR correction are reported.

3. Results

Thirty-four CFS patients (20 females, 14 males) completed IAP. Unfortunately, it was
not possible for all patients to reach 80% of their HRpeak, and only 1 patient reached this
during the last training session. However, 32 patients were able to reach 70% HRmax,
and 1 patient achieved 60%HRpeak during the last training sessions. Although patients
were encouraged to undertake walking, participants also carried out additional activities
including cycling or swimming. All patients chose to perform walking exercises. The
mean compliance rate was 80%. Compliance rates for the structured exercise programme
were above 60%, which was set as the threshold value. A further examination of the
characteristics of IAP completers can be found in Table 1 and Table S1.

Table 1. Patients’ characteristics before Individualised Activity Program (IAP).

Variable (Unit) Mean (SD) before IAP (n = 34)

Age (years) 37.06 (7.9)
BMI (kg/m2) 24.52 (3.2)

FFM (kg) 54.45 (9.7)
Fat (%) 25.04 (6.6)

HADS_A_(points) 10.30 (3.8)
HADS_D_(points) 8.76 (3.2)

BDI_(points) 17.97 (9.1)
HR_(bpm) 69.75 (7.9)

sBP_(mmHg) 116.98 (12)
dBP_(mmHg) 79.45 (10.8)

CI (l/min/m2)_ 3.54 (0.9)
BMI—body mass index, FFM—free-fat mass, HADS_A—Hospital Anxiety and Depression Scale (anxiety score),
HADS_D—Hospital Anxiety and Depression Scale (depression score), BDI—Beck Depression Inventory, HR—
hear rate, sBP—systolic blood pressure during rest, dBP—diastolic blood pressure during rest, CI—cardiac
index.

3.1. Influence of IAP on Fatigue

The influence of the intervention on fatigue was the main area of interest in this study.
The structured IAP reduced fatigue levels of the patients in a statistically significant manner
on all three scales. The mean scores on the CFQ decreased from 26.12 at baseline to 9.68 post
intervention (Z = 5.09, p < 0.001, r = 0.62) (Figure 2a). The mean scores on the FSS decreased
from 48.91 at baseline to 40.15 post intervention (t = 4.66, p < 0.0001, r = 0.63) (Figure 2b).
Mean scores on the FIS decreased from 93.59 at baseline to 61.68 post intervention (t = 6.75,
p < 0.0001, r = 0.76) (Figure 2c) (Table S2).
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Figure 2. Influence of IAP on fatigue scales. (a) influence of IAP on CFS—Chronic Fatigue Scale.
(b) influence of IAP on FSS—Fatigue Severity Scale. (c) influence of IAP on FIS—Fatigue Impact
Scale. IAP—Individualised Activity Program, Orange dots connected by black line indicate median
value, vertical black lines denote interquartile range. Blue dots before and after denote results of
individual patients.

3.2. Influence of IAP on Cardiorespiratory Function

The impact of the intervention on cardiorespiratory function was important in terms
of both the occurrence of positive adaptation to the program and indirect evidence of
programme compliance. After IAP treadmill workload normalised to body weight at
AT was significantly increased (1.31 W/kg before vs. 1.61 W/kg after IAP), t =−4.53,
p = 0.00007, r = 0.62 and load/body mass at maximal intensity of physical exercise signifi-
cantly increased (1.85 W/kg before vs. 2.09 W/kg after), Z = 2.83, p = 0.005, r = 0.34. VT
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at AT significantly increased (1.66 L vs. 1.81 after), Z = 2.74, p = 0.01, r = 0.33. VO2peak
increased significantly (30.3 mL/kg/min before vs. 31.79 after), Z = 1.98, p = 0.047, r = 0.24
(Figure 3) (Table S3). Regarding individual patients, clinically significant improvement
defined as improvement of >1.1 mL/kg/min in VO2peak was noted in 19 patients (7 out of
14 males and 12 out of 20 females). The VO2peak improved with 1.66 mL/kg/min when
the whole group was considered, and both in males and females. A patient who was able
to reach 80% HRmax during the last training session and 18 patients who reached 70%
HRmax noted VO2peak clinically significant improvement. A patient who reached 60%
and 14 patients who reached 70% HRmax during the last training sessions did not gained
clinically significant improvement in VO2peak.

 
Figure 3. Influence of IAP on VO2peak. VO2peak mL/kg/min—maximal oxygen uptake during
physical exercise measured in ml/kg/min, IAP—Individualised Activity Program, Orange dots
connected by black line indicate median value, vertical black lines denote interquartile range. Blue
dots before and after denote the results of individual patients.

3.3. Influence of IAP on Mitochondrial Function

Exploring the effects of IAP on mitochondrial function was one aim of this study.
Biochemical analyses showed an increase in both plasma Mfn1 and Mfn2 in response to
IAP. Mean value of Mfn1 (increased from 0.22 ng/mL before to 0.33 ng/mL after IAP
(Z = 3.07, p = 0.002, r = 0.38)) (Figure 4a). Moreover, Mfn2 mean value (increased from
5.51 ng/mL before vs. to 8.05 ng/mL following the IAP (Z = 4.06, p = 0.00005, r = 0.5)
(Figure 4b) (Table S4).
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Figure 4. Influence of IAP on Mitofusins. (a) influence of IAP on miofusin1 level. (b) influence of
IAP on mitofusin2 level. IAP—Individualised Activity Program, Orange dots connected by black
line indicate median value, vertical black lines denote interquartile range. Blue dots before and after
denote the results of individual patients.

3.4. Interaction between VO2peak Improvement, Mitochondrial Plasma Markers and
ANS Changes

We explored the role of mitochondria and ANS functions underlying the adaptation
to IAP by assessing the indicators of mitochondrial function: MFn1 and MFn2 levels in
plasma. The mixed linear model for interaction of VO2peak and Mfn1 was statistically
significant (t = 2.5, p = 0.02) (Figure 5).

167



J. Clin. Med. 2021, 10, 1542

Figure 5. Interaction between influence of IAP on VO2peak and Mfn1. VO2peak—maximal
oxygen consumption obtained during physical exercise, mitofusin1—level of mitofusin1, IAP—
Individualised Activity Program.

Moreover, the interaction between VO2 at AT (V-slope method) and LF/HF-RRI
change in response to HUTT was also significant (t = −2.05, p = 0.048) (Figure 6). Other
examined interactions between VO2peak, VO2subpeak, fatigue scale scores and autonomic
outcomes or mitofusins were not significant.

Figure 6. Interaction between influence of IAP on VO2subpeak and sympathovagal balance in
response to head-up tilt test. VO2AT—maximal oxygen consumption during anaerobic threshold,
LF/HF-RRI_HUTT—low frequency diastolic blood pressure to high frequency R-R interval during
head-up tilt test, IAP—Individualised Activity Program.
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Influence of IAP on autonomic nervous system function indicators was not significant
(Table S5). Heatmap of Spearman’s correlation between outcomes of the study is presented
on Figure S1.

4. Discussion

This study has noted a statistically significant increase in peak VO2, alterations in
biological factors associated with mitochondria and fatigue in CFS patients who underwent
an individualised home-based activity programme. To our knowledge, this is the first
study that has associated an increase in maximal aerobic capacity to increased plasma
Mfn1 levels. In CFS patients an increase in submax VO2 related to a decrease in the
ratio of sympathetic to parasympathetic activity during HUTT. In a previous study, we
noted that CFS patients who completed the IAP showed improved visual attention both in
terms of reaction time and correctness of responses and processing speed of simple visual
stimuli [34]. It is important to note that there was a significant drop out rate of 51% with
IAP [49]. The more sympathetic drive contributes to the control of blood vessels, the longer
the reaction time with simple visual stimuli and the lower the HRmax during physical
exercise, the chance of a CFS patient completing IAP was reduced [49]. Overall, it could be
concluded that an aerobic activity programme characterised by a high frequency of weekly
training sessions (5 times/week) and incremental progression of exercise intensity is not
well tolerated by a significant number of CFS patients (51% of the patients in the current
study). On the other hand, those able to complete the programme noted a reduction in
fatigue and improvement in functional performance at the cognitive and cardiovascular
level, the latter change being related to changes in autonomic and mitochondrial markers
in plasma. It is therefore clear that careful identification of those most likely to benefit and
able to participate is needed. Therefore, it would be advisable that any studies seeking
to further ascertain the effects of activity programmes in ME/CFS optimally comprise an
appropriate control arm, such as a sham intervention or lower intensity exercise regimen
with equal assignment of patients classified as more likely to be able to tolerate an aerobic
programme comprising high-frequency training sessions. Moreover, benefits and potential
harms of training programmes with lower frequency than 5 sessions per week should be
examined in further studies.

4.1. Influence of IAP on Self-Reported Fatigue and Peak Oxygen Uptake

The mean CFQ score at baseline was 26.12 in the current study and comparable to
28.2 points scored by the subgroup who received GET in the PACE trial [50]. A 5.4 point
decrease in CFQ was previously observed following a 12 week GET trial [51]. The authors of
a graded exercise therapy guided self-help trial (GETSET) noted a mean baseline CFQ score
of 26.3 for the GET group. After 12-weeks of GET the mean score reduced to 19.1 points,
this with a combined effect size of 0.53 [52]. In the current study, the effect size for CFQ
scale improvement was 0.62, however, it should be noted that this scale is burdened
with many methodological issues which might limit drawing conclusions, especially in
longitudinal studies. These issues include problems in the interpretation of the questions
when examining the same participants more than once [53]. On the other hand, in our study
significant decrease in fatigue were also noted on two other self-reported fatigue measures.
The FSS seems to be characterized by high sensitivity and specificity in classification of CFS
patients vs. healthy controls [54]. Significant improvement measured by FIS scale was also
noted. Hence, these other scales reinforce the observation made using the CFQ assessment.
Our study is the first intervention based aerobic activity program in CFS patients that has
used three questionnaires to assess the effects on fatigue.

Using CPET testing peak oxygen uptake levels improved by 1.66 mL/kg/min in
IAP completers in the whole group regardless of gender. To be considered clinically
important in CFS patients peak oxygen uptake needs to increase by 1.1 mL/kg/min [15],
therefore, in this study both male and female completers noted improvements higher than
the difference between CFS and healthy controls in peak oxygen uptake. Authors of the
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PACE trial reported improvement induced by GET in aerobic capacity which was evaluated
during a 6-min walk test from 312 m to 379 m at 52-week follow-up. In comparison to
the PACE trial, we used CPET, which is the gold standard method to assess physical
capacity [51]. In addition, the GETSET study also lacked objective assessments of physical
capacity improvement [52].

4.2. Relationship of Peak Oxygen Uptake Improvement and Mitofusin1 Level

The increase in Mfn 1 levels in the plasma of patients who complete the IAP is
interesting but difficult to interpret. It is not currently possible to link this increase to what
is potentially going on in patients’ muscle or other tissues. Mitochondria are constantly
being broken down and re-synthesised in energetically active cells including heart, muscle
and brain and it has been recently demonstrated that plasma also contains high levels
of mitochondria. Some appear to be functional [55] with others are released as a result
of cell stress [56]. Mitophagy which drives the break -down of mitochondria and their
subsequent recycling is an emerging area of mitochondrial biology with multiple types
of mitophagy systems [57]. With most studies carried out in relatively inactive cell lines
in vitro it is difficult to know how a highly active tissue like heart and muscle deals with
the high demand for mitochondrial turnover. Extracellular vesicles are found at high
levels in plasma (reviewed in [58] and contain various cargos including fragments of
mitochondria [59] reviewed in [60]. You could speculate that in a very active tissue cells
could get rid of larger mitochondrial fragments more rapidly in an extracellular vesicle
system than by mitophagy. This could link to the high numbers of mitochondria found in
plasma in previous studies and might explain increased levels mitofusin 1 in the plasma
of the CFS patients following an IAP. High Mfn1 plasma levels could be linked to either
the beneficial or detrimental effects of increased levels of activity in CFS patients. On
the positive side, muscle being induced by exercise to form a more network efficient
mitochondrial structure could result in an increase in mitochondrial associated Mfn1
debris, expelled to plasma would be linked to enhanced mitochondrial turn over and
activity. Detrimentally, high levels of Mfn1 may reflect increased levels of mitochondrial
fragmentation linked to induced mitochondrial stress associated with exercise in ME/CFS
which may relate to further dysfunction in the future. Without a healthy control group
completing the IAP programme it is difficult to know if this increase is just linked to
increased exercise or is specific to the CFS group.

Both Mfn1 and Mfn2 play role in the mitochondrial fusion [61]. Mfn1 but not Mfn2
was able to decrease mitochondrial fusion in rodents’ skeletal muscle [62]. In a recent
rodent-based study, endurance training has been shown to lead to an increase of Mfn1
expression in liver, while a decrease in the sedentary control group with high-fat diet was
noted [63].

Exercise training appears to regulate both mitochondrial fusion and fission processes.
Seven training sessions of high intensity interval training (HIIT) have been shown to
progressively elevate protein content of Mfn1 in human skeletal muscle [64]. In addition,
24 h following a single training session of cycling exercise enhancement of both Mfn1
and Mfn2 mRNA content in human skeletal muscle was observed [21]. However, results
of other study contrasts with those discussed above. In a recent study, the effects of a
high-intensity interval training (HIIT) program with a progressive increase in intensity
on mitochondrial function was assessed. Participants were healthy and recreationally
undertaking a physical exercise program before taking part in the study. During the
fourth week of the program subjects reached 5 HIIT sessions per week at 8 min intervals
with intensity of 90% of VO2max and 3 min of rest between intervals [65]. After the
fourth week disturbances in mitochondria function and impaired glucose homeostasis
were observed [65]. It could be speculated that in the case of some of patients in the current
study who were unable to complete this was related to the intensity of IAP. Interestingly,
both IAP and GET in the PACE trial [51] programmes consisted of five training sessions
per week. In contrasts, five HIIT sessions per week has been used to intentionally induce
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overreaching in healthy participants [65]. We suggest that further studies should consider
a personal medicine approach to distinguish whether activity could be considered at all in
individual CFS patients. If considered, appropriate the characteristics of a physical activity
program need to be considered in terms of frequency, sessions intensity, duration and the
type of exercise (interval vs. continuous, endurance vs. strength training, etc.) that are
more likely to benefit each particular CFS patient. It seems unlikely that one regime will be
appropriate for all those with CFS and for many patients perhaps only pacing would be
appropriate at a particular time [66]. Moreover, more studies on predictors of the adverse
effects of physical activity/exercise and its underlying pathological mechanism in CFS
patients are needed.

4.3. The Relationship between of Submax VO2 Improvement and ANS Responsiveness

In the current study, improvement in submax VO2 was related to a decrease in sym-
pathovagal balance in response to the HUTT. Only one patient from 34 was able to reach
80% HRmax intensity during the last training session in a programme. Therefore, the
general tendency in our patients was the inability to reach 80% of calculated HRmax even
after 15 weeks of training program. Chronotropic intolerance was noted in the current
sample and is in line with previous studies on CFS patients [67,68]. A previous study noted
that an aerobic exercise training program might lead to improvement in ANS function-
ing [11]. On the other hand, CFS seems to be an exceptional disorder, in which rapid and
dramatic deterioration of symptoms might be induced by physical exercise in patients
with post-exertional malaise (PEM) [69]. Poor recovery of diastolic blood pressure and
reduced parasympathetic reactivation during recovery from exercise have been previously
associated with the pain increases following exercise which are part of the PEM response
seen in CFS, evidencing a possible link between ANS dysfunction and PEM [70].

In a study published in 2006, a positive correlation between the measurement of vagal
nerve activity and VO2max was reported for the first time [71]. This positive relationship
between HRV and exercise performance is consistent with a large number of previous
studies that link variation in heart period [72], total HRV spectral power [73], and HRV
triangular index (HRVI) [74] with VO2max. In addition, cross-sectional studies suggest that
higher cardiopulmonary fitness is associated with increased vagal nerve activity [75,76].
The training response was correlated with age (r = 0.39) and with the values of the high-
frequency spectral component (HF) of the RR intervals (HF power) analysed during the
24-h recording (r = 0.46), during the day (r = 0.35) and strongest at night (r = 0.52). These
data show that the function of the autonomic cardiovascular system is an important
determinant of the response to aerobic training in sedentary men. High vagal activity prior
to undertaking a training program is associated with an improvement in aerobic capacity
as a result of a training program of aerobic exercise in healthy, sedentary individuals [77].
Night-time HF power at baseline was the most effective predictor that explained 27% of
the variance in VO2max improvement with the training program used.

The mechanisms underlying the relationship between ANS and physical training
program response remains speculative. Consistent with the high inter-individual and
intra-individual variability in training response to exercise, there was also a wide inter-
individual variability in the autonomic regulation of the cardiovascular system in healthy
subjects, as measured by indices of HR variability [78]. Genetic factors can account for
a large proportion (about 20%) of the inter-individual variability in HR [79,80], while
demographic and other factors, including blood pressure, blood cholesterol, heart size,
body mass index and smoking account, explain only a small part (about 10%) of the
variability of the autonomous regulation [80]. It is also possible that there is a mechanistic
relationship between the function of the vagus nerve and the response to a training program.
In people with optimal vagal function, the cardiovascular system may be better able to
adapt to a variety of external stimuli, such as exercise. This adaptive ability can improve
overall cardiovascular fitness after regular physical training and thus improve aerobic
capacity [77].
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4.4. Study Limitations

We have noted a considerable withdrawal rate (35 from 69 patients) from the inter-
vention which was mainly due to the development of PEM. Sixteen patients were unable
to complete CPET at baseline and therefore we were unable to incorporate this subgroup
in all comparisons. Mitofusins level were analysed using ELISA, which has limits in its
precision of measurement level [81]. Moreover, some samples were frozen longer than
others, as patients did not start the physical activity program simultaneously. Recently,
it has been shown that time of samples being frozen could confound the results [82]. A
significant limitation for this study was that PEM was not measured. Moreover, further
studies should use questionnaires to examine effects of therapy on potential CFS comor-
bidities such as anxiety and depression. Due to the relatively small sample size, results
on effects of IAP should be replicated in further studies. Additionally, no control group
was applied in the above study, limiting the conclusions that can be drown from this study.
Future research study should incorporate daily or weekly questionnaires assessing PEM in
ME/CFS patients undergoing aerobic exercise program.

Future studies on mechanism underlying PEM should consider a crossover-type trial
of a supervised physical activity programme with low load for 12 weeks followed by
12 weeks of high load, to ensure that individuals who take part in the study could be their
own controls.
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Abstract: Fibromyalgia is a syndrome that is characterized by widespread pain; fatigue; stiffness;
reduced physical fitness; sleep disturbances; psychological symptoms, such as anxiety and depression;
and deficits in cognitive functions, such as attention, executive function, and verbal memory deficits.
It is important to analyze the potentially different performance on the Mini-Mental State Examination
(MMSE) and the Montreal Cognitive Assessment (MoCA) test in patients with fibromyalgia as well
as examine the relationship of that performance with physical and cognitive performance. A total
of 36 women with fibromyalgia participated in the study. Participants completed the MoCA test,
the MMSE, and the TUG physical fitness test under dual-task conditions. The results obtained
on cognitive tests were 28.19 (1.74) on the MMSE and 25.17 (2.79) on the MoCA. The participants’
performance on cognitive tests was significantly related to the results of the TUG dual-task test. In
this way, cognitive performance on a dual-task test can be used to support the diagnosis of cognitive
impairment in patients with fibromyalgia. The MoCA test may be a more sensitive cognitive screening
tool than the MMSE for patients with fibromyalgia.

Keywords: fibromyalgia; dual task; MMSE; MoCA; TUG; cognitive

1. Introduction

Fibromyalgia is a syndrome that is characterized by widespread pain; fatigue; stiffness;
reduced physical fitness; sleep disturbances, in particular insomnia [1]; psychological
symptoms, such as anxiety and depression [2]; and deficits in cognitive functions, such as
attention, executive function, and verbal memory deficits [1,3]. The global prevalence of
fibromyalgia is 2.7%, being more prevalent in 50-year-old or older women [4].

A significant body of evidence indicates that cognitive activity is involved in natural
motor activities such as walking [5], which is an activity of daily living. When we say
cognitive activity, we mean that there is thought. Therefore, when walking, at the same
time, we may be thinking of the destination to reach and on what we plan to do there.
We may be calculating the distances between obstacles, such as cars or other pedestrians,
or even the time we will take to reach the destination. The simultaneously execution of
a motor task (such as walking) and a cognitive task (such as thinking) is called a dual
task [6]. In this regard, activities of daily living often require the ability to simultaneously
perform a cognitive and a motor task, that is, dual-task performance [7]. When an indi-
vidual faces a dual task in daily life, successful execution of both of these tasks (i.e., the
motor task (walking) and the cognitive task (thinking)) decreases because of dual-task
interference [6]. This interference occurs because the individual has to divide their attention
resources between both of the tasks. “Attention is the cognitive mechanism through which
the information that is received by our senses is filtered and/or cognitive resources are
assigned to particular elements of that information that are relevant to the observer” [8].
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A decrease in the successful execution of a motor task usually leads to accidents, such as
falls, especially in older people [5]. In experimental contexts, to replicate the situation in
which an individual is walking and cognitive activity occurs, the cognitive motor dual task
is usually used [6]. Within this paradigm, participants are asked to perform a cognitive
and a motor task at the same time.

Previous studies have found that patients with fibromyalgia usually show reduced
dual-task performance in comparison to healthy counterparts [9,10]. Moreover, the ability
to perform daily activities is conditioned by physical fitness [11] and the fear of falling [12].
Therefore, physical function is a relevant outcome in patients with fibromyalgia [13]. There
are several physical fitness tests that measure subjects’ mobility. Among these tests, we
emphasize the Timed Up and Go (TUG) test, which is a widely used instrument that
evaluates mobility and the risk of falls in older adults [14,15]. In the TUG test, patients
have to get up from a chair without using the arm rests. Then, they have to walk 3 m as
quickly as possible without running, turn around, walk back to the chair, and sit down
without using arm rests [16]. The TUG test provides a valid prognostic assessment to
predict falls in elderly people [17], and it has been associated with fall history, indicating
that older adults with slower TUG scores report a fall history more often than those in other
categories (or compared to other instruments) [18]. TUG scores have been associated with
executive function in 70-year-old or older participants, “indicating that a longer time on the
TUG is associated with lower executive function performance”. These associations have
been found specifically using the trail making test (which evaluates the components of
executive function that represent complex visual scanning, speed, attention, and the ability
to shift sets) and the Stroop word-color test (which evaluates components of executive
function representing a person’s ability to deal with conflicting stimuli) [19]. In addition,
the dual-task TUG test has also been shown to be an effective tool to determine the risk of
falls and to better discriminate between fallers and nonfallers, even in a scenario where all
standard tests and measures are insufficient to show significant differences [20].

A previous study evaluated the influence of dual-task conditions in patients with
fibromyalgia in comparison to healthy people [9]. In this study, both groups performed
three physical fitness tests (arm curl, handgrip, and 10-step stair tests) under two conditions:
(a) regular condition (single task), that is, without performing any additional cognitive
activity, and (b) dual-task condition, that is, while thinking of three words that were given
before each test and had to be recalled and verbalized after the execution of each test. As
a result, women with fibromyalgia showed lower physical performance (achieving the
significance level in the arm curl test and in the 10-step stair test) than healthy people under
both single- and dual-task conditions [9]. In addition, Moriarty et al. conducted a review
of clinical and preclinical research to establish whether chronic pain negatively affects
cognition. The authors concluded that pain is associated with impaired cognitive function
and might be a consequence of competing limited neural resources, neuroplasticity, and/or
dysregulated brain neurochemistry [21].

The Mini-Mental State Examination (MMSE) [22] is a widely used screening tool for
dementia [23], and it is validated for Spanish-speaking communities [24]. A meta-analysis
of the accuracy of the MMSE in the detection of dementia and mild cognitive impairment
showed that the cut-off of 23/24 was the most used in the 34 analyzed studies [25]. How-
ever, the MMSE has a series of limitations, especially regarding its use in more educated
patients [26]. To address this problem, the Montreal Cognitive Assessment (MoCA) was
developed as a tool to screen patients with mild cognitive impairment whose performance
on the MMSE is usually located at the normal range [27]. A meta-analysis compared the
diagnostic accuracy of a range of cut-off scores from nine studies that evaluated the validity
of the MoCA. The results showed that a cut-off score of 23/30 has a better diagnostic
accuracy across parameters than the originally recommended 26/30 cut-off score, reducing
the rate of false positives [28].

Previous research has examined which cognitive screening tool (MMSE vs. MoCA)
is more effective [28,29]. In this regard, the MoCA seems superior to the MMSE in the
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detection of cognitive impairment in patients at a higher risk for incident dementia [29].
Another study supported that the MoCA is, as a cognitive screening tool, superior to the
MMSE in detecting cognitive decline in its early stages [30]. In addition, the MoCA, but
not the MMSE, has adequate psychometric properties as a screening instrument for the
detection of mild cognitive impairment or dementia in Parkinson’s disease [31]. However,
that question has not been studied in patients with fibromyalgia, although cognitive
impairment is one of the symptoms [32].

Considering all the above, the aim of the present study was to analyze the differences
between the cognitive assessment of both the MMSE and MoCA in patients with fibromyal-
gia as well as examine the relationship of the cognitive assessment score with physical and
cognitive performance under dual-tasks conditions.

2. Experimental Section

2.1. Design

This study was designed as an explorative and descriptive study.

2.2. Participants

A total of 36 women with fibromyalgia participated in the study. The inclusion
criteria were: women aged between 30 and 75 years old diagnosed with fibromyalgia by
a rheumatologist, according to the criteria that have been established by the American
College of Rheumatology [1]. Participants were excluded from the study if they met the
following exclusion criteria: (a) being pregnant and (b) not being able to stand and sit on a
chair once.

All participants provided signed written consent to participate in the study. All
procedures were approved by the university’s bioethical committee (approval number:
62/2017) and followed the recommendations of the updated Declaration of Helsinki.

2.3. Procedures

First, anthropometric measurements of the participants were taken to calculate the
body mass index (BMI). Subsequently, the participants completed the Spanish version of the
Fibromyalgia Impact Questionnaire (FIQ), which evaluates the impact of symptoms of the
disease from 0 to 100, indicating the minimum to maximum impact, respectively. The FIQ is an
extensively validated fibromyalgia-specific tool that captures the overall effects of fibromyal-
gia symptomatology (pain, fatigue, feeling rested, stiffness, anxiety, depression, physical
impairment, feel good, or work missed) [33–35]. After, trained research staff administered the
MoCA and MMSE, both previously used in patients with fibromyalgia [36–38].

The MoCA test is a brief cognitive screening tool with high sensitivity and specificity
for detecting mild cognitive impairment, which evaluates the following cognitive abilities:
attention, concentration, executive functions (including the capacity for abstraction), mem-
ory, language, visuoconstructive abilities, calculation, and orientation [27]. The required
administration time is approximately ten minutes. The maximum score is 30 [39]. In the
present study, a score of 23 or higher was considered normal. In this sense, a meta-analysis
compared the diagnostic accuracy of a range of cut-off scores of nine studies that evaluated
the validity of the MoCA test. Its results showed that a cut-off score of 23/30 has a better
diagnostic accuracy across parameters than the originally recommended 26/30 cut-off
score, reducing the rate of false positives [28].

The MMSE is a widely used test of cognitive function; it includes tests of orientation,
attention, memory, language, and visual-spatial skills. A higher score represents a better
cognitive state. In the present study, a score of 24 or higher was considered normal. A
meta-analysis of the accuracy of the MMSE in the detection of dementia and mild cognitive
impairment showed that the cut-off of 23/24 was the most used in the 34 studies that were
analyzed [25].

Finally, the participants completed the TUG physical fitness test under single- and
dual-task conditions. The order of single- and dual-task conditions was randomized.
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Particularly, under the single-task condition, the participants had to get up from a chair
without using arm rests; then, they had to walk 3 m as quickly as possible without running,
turn around, walk back to the chair, and sit down without using arm rests [16]. The dual-
task condition consisted of counting aloud backward two by two while performing the
tests, starting from a random number higher than 100 [40].

2.4. Data Analysis

The SPSS statistical package version 24 (IBM Corp., Armonk, NY, USA) was used
to analyze the data. Descriptive analyses were conducted to obtain means and standard
deviations (SDs) regarding participants’ age and anthropometric measurements. Moreover,
parametric and nonparametric tests were conducted based on the results of the Shapiro–
Wilk test. Thus, Pearson´s and Spearman’s rho correlation analyses were conducted to
evaluate the relationship between the participants’ performance on cognitive tests (MMSE
vs. MoCA) and cognitive performance on the TUG test under dual-task conditions. In
addition, the dual-task cost (DTC) of the TUG test [41] was calculated as follows:

DTC = (Dual-task TUG time—Single-task TUG time)/Single-task TUG time

The TUG cognitive performance variable was calculated by dividing the number
of cognitive hits (correct answers in the subtractions) between the seconds spent on the
dual-task test.

3. Results

Table 1 shows the participants’ descriptive characteristics in terms of means and
SDs, including age 55.11 (8.74) years, BMI 28.30 (3.44) kg/m2, FIQ-100 53.50 (20.31), and
medications: analgesics/relaxants (33.3%), hypotensive drugs (11.1%), antidepressants
(41.7%), and others (80.6%).

Table 1. Characteristics of the participants.

Variable (n = 36) (Maximum–Minimum Values) Mean (SD)

Age (years) (34–70) 55.11 (8.74)

BMI (kg/m2) (24–39) 28.30 (3.44)

FIQ-100 (9–86) 53.50 (20.31)

Medication n (Percentage)

Analgesics/Relaxants 12 (33.3%)

Hypotensive drugs 4 (11.1%)

Antidepressants 15 (41.7%)

Others 29 (80.6%)
BMI, body mass index; FIQ, Fibromyalgia Impact Questionnaire; SD, standard deviation.

Table 2 shows the results of the participants’ performance on the TUG test, in terms of
means and SDs, under single-task, 7.55 (1.96) seconds, and dual-task, 8.20 (2.30) seconds,
conditions. In addition, this table shows the dual-task cost on the TUG test: −0.08 (1.11)
seconds. Table 2 shows the results regarding the participants’ performance on the TUG
test, which is related to cognitive performance: 0.53 (0.28). The number of cognitive hits,
4.14 (2.09), and misses, 0.11 (0.38), in the subtractions on the dual-task TUG test are also
reported in Table 2. Finally, the results obtained on cognitive tests (MMSE: 28.19 (1.74) and
MoCA: 25.17 (2.79)) are also reported in Table 2.

180



J. Clin. Med. 2021, 10, 125

Table 2. Performance on the TUG test, dual-task TUG test, and cognitive tests (MMSE and MoCA).

Variable (n = 36) (Maximum–Minimum Values) Mean SD

TUG (5.43–15.06) 7.55 1.96

TUG Dual-Task (5.39–15.42) 8.20 2.30

TUG Dual-Task Cost (−0.07–0.45) 0.08 0.11

TUG Cognitive Performance (0–1) 0.53 0.28

TUG Hits (0–7) 4.14 2.09

TUG Misses (0–2) 0.11 0.38

MMSE (23–30) 28.19 1.74

MoCA (19–31) 25.17 2.79
TUG, Timed Up and Go; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

Table 3 shows the correlation analyses between the participants’ performance on
the TUG test under single- and dual-task conditions and the participants’ performance
on cognitive tests (MMSE and MoCA test) without finding a correlation in any of the
tests. In addition, the correlation analyses between cognitive test results and the dual-task
cost, cognitive performance, and hits and misses on the TUG test under the dual-task
condition are reported in Table 3. As can be observed, the participants’ performance on
cognitive tests was only significantly related to the results of the TUG dual-task cognitive
performance test.

Table 3. Correlations between the TUG test and cognitive tests.

Variable (n = 36) MMSE MoCA Test

TUG
Spearman’s CC −0.206 Spearman’s CC −0.136

p-value 0.227 p-value 0.082

TUG Dual-Task
Spearman’s CC −0.260 Spearman’s CC −0.105

p-value 0.126 p-value 0.541

TUG Dual-Task Cost
Spearman’s CC −0.077 Spearman’s CC 0.020

p-value 0.657 p-value 0.906

TUG Dual-Task
Cognitive Performance

Spearman´s CC 0.355 Pearson´s CC 0.348

p-value 0.034 * p-value 0.038 *

TUG Hits
Spearman’s CC 0.169 Spearman’s CC 0.297

p-value 0.324 p-value 0.078

TUG Misses
Spearman’s CC 0.059 Spearman’s CC −0.187

p-value 0.732 p-value 0.275
* p-value <0.05. CC, correlation coefficient; TUG, Timed Up and Go; MMSE, Mini-Mental State Examination;
MoCA, Montreal Cognitive Assessment.

Finally, results of the participants’ performance on the MMSE and the MoCA are
shown in Tables 4 and 5, respectively, in terms of frequencies. Regarding Table 4 (per-
formance on the MMSE), only 2.8% of the participants had cognitive impairment (with
the cut-off point at 24) and 25% of the participants answered all the questions correctly.
Regarding Table 5 (on performance on the MoCA), 16.7% of the participants had cognitive
impairment (with the cut-off point at 23) and only 5.6% of the participants answered all the
questions correctly. Thus, the results showed a ceiling effect, with 25.0% of the participants
achieving a perfect score on the MMSE compared to 5.6% on the MoCA.
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Table 4. Results regarding the participants’ performance on the MMSE.

MMSE (n = 36) Frequency Percentage Accumulated Percentage

0–22 0 0% 0

23 1 2.8% 2.8%

24 0 0% 2.8%

25 3 8.3% 11.1%

26 1 2.8% 13.9%

27 5 13.9% 27.8%

28 7 19.4% 47.2%

29 10 27.8% 75.0%

30 9 25.0% 100%

Total 36 100%

Table 5. Results regarding the participants’ performance on the MoCA test.

MoCA (n = 36) Frequency Percentage Accumulated Percentage

0–19 1 2.8% 2.8%

20 2 5.6% 8.3%

21 1 2.8% 11.1%

22 2 5.6% 16.7%

23 4 11.1% 27.8%

24 2 5.6% 33.3%

25 8 22.2% 55.6%

26 2 5.6% 61.1%

27 7 19. 4% 80.6%

28 5 13.9% 94.4%

29 0 0% 94.4%

30 2 5.6% 100%

Total 36 100

4. Discussion

This is the first study to analyze, compare, and correlate the results of two well-known
cognitive assessment tests (MMSE and MoCA) with the physical and cognitive perfor-
mance on the TUG test under single- and dual-task conditions in people with fibromyalgia.
We found positive correlation between the results of the cognitive tests (MMSE and MoCA)
and the cognitive performance on the TUG test under dual-task condition. According to
the results of the MMSE, only 2.8% of the participants had cognitive impairment. How-
ever, according to the results of the MoCA test, 16.7% of the participants had cognitive
impairment. In both tests, the strictest cut-off points were used to avoid false positives
(23 in the MoCA and 24 in the MMSE). In addition, although less-strict cut-off points were
used in each test (26 in the MoCA and 27 in the MMSE), a difference between the results
of both tests still existed. Finally, using less strict cut-off points in each test, 13.9% of the
population had cognitive impairment on the MMSE and 55.6% on the MoCA.

Despite the experimental results of neuroimaging studies, a diagnosis of cognitive
and behavioral impairment in patients with fibromyalgia still relies on the use of validated
tests of neuropsychiatric assessment [42]. In addition, several studies have confirmed that a
diagnosis of cognitive impairment using a single test is not enough and have recommended
relying on other methods to ensure the diagnosis [31,43,44]. Furthermore, in people with
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fibromyalgia, comorbid symptoms such as depression, anxiety, insomnia, and fatigue may
impact cognitive function, but they do not entirely explain the mental impairment. Chronic
pain may disrupt attention and induce neuroplasticity in the central nervous system [42].
Thus, it is difficult to find a gold standard for the evaluation of cognitive impairment in
fibromyalgia. Therefore, it is important to know which of the cognitive tests used is most
adequate to help in the diagnosis of cognitive impairment in fibromyalgia.

The findings of the present study are consistent with most of the research that has
been conducted to date: the MMSE does not perform well as a screening instrument
(mainly due to the ceiling effect). This may be partially due to a lack of sensitivity to
milder cognitive deficits [31,45]. The present results show the instrument ceiling effect,
with 25.0% of the participants achieving a perfect score on the MMSE compared to 5.6%
on the MoCA. As shown in a previous study, the poorer performance of the MMSE in
detecting cognitive impairment may be due to a series of several factors, apart from a lack
of sensitivity to milder cognitive deficits. First, the MMSE may be less effective at assessing
complex cognitive domains such as visuospatial skills, executive function, and abstract
reasoning. In addition, the MMSE includes one test for attention, while the MoCA includes
two additional tests (digit span and vigilance). Similarly, the three-item test on delayed
recall in the MMSE is less difficult than the five-item test on delayed recall in the MoCA.
Thus, the attention and delayed-recall items in the MMSE are easier than in the MoCA [46].
The differences that have been described above between performance on the MMSE and
performance on the MoCA are important when assessing cognitive impairment in patients
with fibromyalgia because a previous study found memory and vocabulary deficits in
patients with fibromyalgia, showing that memory function in patients with fibromyalgia is
not age-appropriate [47]. For the above reasons, it is possible to recommend the MoCA test
to help in the diagnosis of mild cognitive impairment in fibromyalgia patients.

The results obtained in the TUG test are similar to results of other studies on fibromyal-
gia patients, both under single-task [40,48,49] and dual-task [40] conditions. Among the
measures that were obtained from the dual-task TUG test, we identified cognitive perfor-
mance. This variable was calculated by dividing the number of cognitive hits between the
seconds spent on the dual-task test. In this regard, we found a positive correlation between
the results of both cognitive tests (MMSE and MoCA) and the cognitive performance on
the TUG test under a dual-task condition. A previous study found significant correlations
between performance on the TUG test (under dual-task conditions) and MoCA and MMSE
scores [41]. In this study, the cognitive task consisted of reciting the days of the week
in reverse order starting from Sunday while performing the TUG test. These findings
suggested that the TUG test under the dual-task condition might be used in clinical practice
as a functional and practical test for the early screening of cognitive dysfunction among
older adults. However, the authors recommended additional studies including more chal-
lenging cognitive tasks during the TUG test to obtain stronger correlations with cognitive
tests. Therefore, in the current study, we selected a dual-task condition that consisted of
counting aloud backward two by two while performing the tests, starting from a random
number higher than 100 [40]. This might be the reason we found a correlation only between
cognitive performance on the TUG test under the dual-task condition and the results of
both cognitive tests (MMSE and MoCA), being even stricter for the assessment of cognitive
impairment. Moreover, the cognitive task used under the dual-task condition (counting
aloud backward two by two) requires some of the cognitive domains that are assessed
on the MMSE or the MoCA, such as working memory, calculation, or attention, among
others. This is relevant since when clinicians or researchers conduct evaluations under
the dual-task paradigm, physical performance is usually presented, ignoring cognitive
performance under the dual-task condition. However, our results suggested that cognitive
performance under the dual-task condition provides us with cognitive information in
the same line using the MoCA and MMSE. Thus, to complement the patients’ cognitive
assessments, this variable should be considered rather than physical performance under
the dual-task condition or even the DTC.

183



J. Clin. Med. 2021, 10, 125

Previously, it was shown that physical performance on the TUG test under single- and
dual-task conditions could predict mild cognitive impairment [19]. However, the results of
the current study did not show correlations between physical performance on the TUG
(single- and dual-task) test and cognitive performance on cognitive tests. Importantly, we
found a positive correlation between the results of cognitive tests (MMSE and MoCA) and
cognitive performance on the TUG test under the dual-task condition. This relationship
between cognitive performance on cognitive tests and cognitive performance on the TUG
test under the dual-task condition may help support the cognitive impairment diagnosis in
fibromyalgia patients, highlighting its importance.

The present study had limitations: the small number of participants and all the partic-
ipants being women. Thus, the results cannot be extrapolated to men with fibromyalgia.
Moreover, our data cannot be compared with normative data (for the MoCA and the
MMSE) due to both the specificity of the fibromyalgia population and the lack of norma-
tive values for this population. Furthermore, since there is no gold standard to measure
cognitive impairment in patients with fibromyalgia, the sensitivity and specificity of both
cognitive tests could not be calculated in the present study. The main conclusion was based
on the ceiling effect of both tests.

5. Conclusions

The MoCA may be a more sensitive cognitive screening tool than the MMSE for
patients with fibromyalgia. The results of both cognitive tests correlated with cognitive
performance on the dual-task TUG test. As such, cognitive performance on a dual-task test
can be used to support the diagnosis of cognitive impairment in patients with fibromyalgia
because it provides a functional assessment related to real-life activities, although more
research is needed to generalize the present results to populations with fibromyalgia.
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Abstract: The well-known symptoms of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
(ME/CFS) are chronic pain, cognitive dysfunction, post-exertional malaise and severe fatigue. An-
other class of symptoms commonly reported in the context of ME/CFS are gastrointestinal (GI)
problems. These may occur due to comorbidities such as Crohn’s disease or irritable bowel syndrome
(IBS), or as a symptom of ME/CFS itself due to an interruption of the complex interplay between
the gut microbiota (GM) and the host GI tract. An altered composition and overall decrease in
diversity of GM has been observed in ME/CFS cases compared to controls. In this review, we reflect
on genetics, infections, and other influences that may factor into the alterations seen in the GM of
ME/CFS individuals, we discuss consequences arising from these changes, and we contemplate the
therapeutic potential of treating the gut to alleviate ME/CFS symptoms holistically.

Keywords: ME/CFS; dysbiosis; therapy; diagnosis; intestinal permeability; metabolic endotox-
emia; LPS

1. Introduction

Since the late 19th century, reasonably reliable medical records have been available
which describe a multisystemic and debilitating disease of unknown origin causing chronic
and severe fatigue which prevents individuals from carrying out normal levels of day-to-
day activities [1]. Today, this disease is known under the terms myalgic encephalomyelitis
and chronic fatigue syndrome (ME/CFS) and is diagnosed based on symptoms using estab-
lished consensus criteria (i.e., Fukuda, Canadian Consensus Criteria, Oxford, International
Consensus Criteria, etc.) [2–5]. Besides disabling fatigue, cognitive dysfunction, sleep prob-
lems, autonomic dysfunction, and post-exertional malaise are often reported in individuals
with ME/CFS [6]. While ME/CFS is clearly accompanied by immunological alterations and
inflammatory dysfunctions [7–12], recent findings suggests that a link between microbial
dysbiosis and disease pathogenesis is also possible [13–15]. Although the precise etiology
of ME/CFS is poorly understood, genetic predisposition, viral infection, and stress have
been considered to be linked with disease origin and chronicity [6,16–18]. For example,
the finding that relatives of ME/CFS cases report significantly higher rates of ME/CFS
or similar fatigue-like symptoms compared to random controls may indicate a genetic
contribution to disease onset [19–21]. However, independent studies on different cohorts
often lack reproducibility, thus evidencing the need for new larger investigations [22].
Similarly, pathogens such as Epstein-Barr Virus (EBV), Human Herpesvirus (HHV)-6, and
Human Parvovirus B19 are suspected of contributing to the development of the disease
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via antiviral immune activation and systemic inflammation [23–29], but their necessity for
ME/CFS development remains debated [30]. Indeed, several studies comparing ME/CFS
cases with controls failed to support the hypothesis of involvement of a viral infection
in disease pathogenesis [29,31–35]. Moreover, it should be noted that the vast majority
of people recover from infections without consequences, therefore making it difficult to
establish a clear correlation between infection and ME/CFS. Other infectious diseases such
as Lyme disease or COVID-19 have also been suggested to increase the risk of developing
ME/CFS [36,37]; yet the mechanism behind this is largely unknown. One hypothesis is that
the infection causes inflammation in the body, which dysregulates the immune response
and inflammatory cascades in the long term [10,11,18,38]; but how this impacts the onset
of ME/CFS has yet to be defined.

The term “gut microbiota” (GM) describes the microbial community in the gastroin-
testinal (GI) tract, which consists of a plethora of bacteria, archaea, phages, yeasts, protozoa,
and fungal species that exist in a symbiotic relationship with the human gut. Owing to
advancements in genomic studies and metagenomic analysis, GM composition has been
studied regarding development of certain diseases such as neuro-psychological disor-
ders, cancer, cardio-metabolic disorders, and inflammatory bowel disease (IBD) [39,40].
Firmicutes, Bacteroides, Proteobacteria, Fusobacteria, Verrucomicrobia, Cyanobacteria, and Acti-
nobacteria are the major taxonomic groups typically found in the gut [41,42]. As the GM
and their habitat are involved in a complex interplay, host environmental factors such
as pH, transit time, bile acids, digestive enzymes, and mucus play an important role in
GM composition [42–44]. Non-host factors involved can be nutrients and medications,
as well as bacterial properties such as adhesion, metabolic capacity, and enzymes [44,45].
The microbiota produces many chemical mediators that can travel to distant regions, such
as the brain, and affect the host′s health positively or negatively [46,47]. Indeed, by syn-
thesizing nutrients and vitamins, producing beneficial or toxic metabolites, inhibiting
microbial and viral pathogens, detoxifying food, and contributing to the development
of a healthy immune system, GM are essential for the host [42–44]. Depending on the
GM composition, effects on the immune system can differ. Immune cell priming partly
takes place in the gut and signals for the development of T regulatory, T helper (Th-1 and
Th-2), and Th-17 cells are generated, which are involved in immune system regulation
and cytokine secretion as a defense against foreign antigens [48–51]. Furthermore, the GM
has other metabolic functions such as bile acid transformation by microbial enzymes for
cholesterol and glucose metabolism, amino acid synthesis and vitamin production [52,53].
Another beneficial function for the host is short-chain fatty acid (SCFAs) production, which
includes acetate, butyrate, and propionate required for energy production and cholesterol
synthesis [54,55]. As ME/CFS is a systemic disease, GI disturbances are another class
of symptoms commonly reported [56–58]. Indeed, comorbidities such as irritable bowel
syndrome (IBS) or Crohn′s disease may be found in ME/CFS individuals, thus suggesting
a possible role of the gut microbiome in disease progression [59,60]. However, whether
and how the GM is involved in ME/CFS pathogenesis and development is still unknown.
Here, we briefly review the most relevant studies addressing how dysbiosis and intestinal
permeability may contribute to disease phenotype, and we discuss the possible therapeutic
applications aimed at restoring eubiosis and intestinal barrier integrity in the context of
ME/CFS.

2. Main Findings

2.1. Alterations of Human Microbiome in ME/CFS

In the past years, studies have been conducted to investigate the kind of alterations
taking place in the gut microbiome in ME/CFS and their implications for those suffering
from ME/CFS. Significant dysregulations in the overall composition of microbiota and
shifted ratios between several bacterial taxa in comparison to healthy controls have been de-
tected ([61,62], Figure 1, Table 1). For example, a modified microbiome was found in saliva,
gut, and feces of ME/CFS cases, linking the GM to the disease [12,63]. Moreover, when 16S
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ribosomal ribonucleic acid (rRNA) sequencing was used to compare stool samples from
43 ME/CFS individuals and 36 healthy controls, an altered GM composition and imbalance
in microbial diversity have been reported ([64] Table 1). Subsequently, similar results were
obtained using the same technique [13,14,63,65,66]. Interestingly, a striking decrease in
relative abundance and diversity of Firmicutes bacteria, and a higher number of Bacteroidetes
was detected [14]. Often, a lower Bacteroides/Firmicutes ratio can be accompanied by an
increase in Enterobacteriaceae, therefore suggesting a complete reshuffling of the gut mi-
crobiota composition [63,64]. Since shifts in microbial ratios have also been identified in
autoimmune conditions such as Crohn′s disease, Systemic Lupus Erythematosus 2, and Di-
abetes Type 2, it would be interesting to investigate whether the microbiome may be linked
to ME/CFS autoimmune manifestations, if they occur [63,67–70]. While environmental
and genetic factors can alter the microbiome [42,44], changes in GM composition according
to geographical origin should also be considered in ME/CFS [64]. In this respect, studies
involving matched healthy controls are crucial. When accounting for these differences,
Nagy-Szakal et al. report a differential microbiota composition in ME/CFS cases with
or without IBS comorbidity when compared to the same number of matched controls.
Indeed, while an increase in Alipstes and a decrease in Faecalibacterium seem to characterize
ME/CFS individuals who also present IBS, a rise in unclassified Bacteroides, but not in
Bacteroides vulgatus, appears typical of ME/CFS without IBS comorbidity [13]. However,
as disturbances may arise due to the high prevalence of IBS comorbidity in individuals
with ME/CFS, these results should be confirmed in larger cohorts before drawing any
conclusion [13].

Figure 1. Role of dysbiosis and gut permeability in ME/CFS pathogenesis.
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Table 1. Summary of studies concerning dysbiosis in ME/CFS.

Reference Journal Participants
Classification

Criteria
Analysis Performed Results

Giloteaux et al.,
2016 [71]

Am Jour Case
Rep

A pair of 34 year
old monozygotic

male twins, 1
ME/CFS and 1

control

Fukuda (1994) [4]

Two-day CPET; stool
biochemical and

molecular analysis;
16S RNA sequencing

↓ Microbial diversity
↓ Faecalibacterium and

Bifidobacterium

Shukla et al.,
2015 [66] PLOS One

10 ME/CFS and 10
matched healthy

controls
Fukuda (1994) [4]

Maximal exercise
challenge, stool

examination before
and 15 min, 48 h, 72
h after exercise. PCR

and 16S rRNA
sequence

↑ Abundance changes of
major bacterial phyla

(after exercise)
↓ Bacterial clearance

(after exercise)

Kitami et al.,
2020 [65] Sci Rep 48 ME/CFS and 52

controls

Fukuda (1994) [4]
and International

Consensus Criteria
(2011) [5]

Stool microbiome
analysis by DNA

extraction and 16S
rRNA sequencing

↑ Coprobacillus,
Eggerthella and Blautia

Mandarano
et al., 2018 [61] PeerJ 49 ME/CFS and 39

healthy controls Fukuda (2004) [4]
18S rRNA

sequencing in stool
samples

↓ Eukaryotic diversity
(nonsignificant)
↑ Basidiomy-

cota/Ascomycota ratio
(nonsignificant)

Nagy-Szakal
et al., 2017 [13] Microbiome

50 ME/CFS and 50
matched healthy

controls

Fukuda (2004) [4]
and/or Canadian
Criteria (2003) [3]

Fecal bacterial
metagenomics

(shotgun
metagenomic

sequences)

↑ Dysbiosis
↑ Alistipes (in ME/CFS
with IBS), Bacteroides (in
ME/CFS without IBS)
↓ Faecalibacterium (in
ME/CFS with IBS),

Bacteroides vulgatus (in
ME/CFS without IBS)

Lupo et al.,
2021 [63] Sci Rep

35 ME/CFS and 70
healthy controls
(35 had relatives

with ME/CFS and
35 not)

Fukuda (2004) [4]

Fecal bacterial
analysis by 16S
rRNA Illumina

sequencing

↓ Anaerostipes
(Lachnospiraceae)
↑ Bacteroides and

Phascolarctobacterium

Giloteaux et al.,
2016 [14] Microbiome 49 ME/CFS and 39

healthy controls Fukuda (2004) [4]
16S rRNA

sequencing from
stool

↓ Diversity
↓ Firmicutes phylum
↑ Pro-inflammatory

species
(Proteobacteria species)

Frémont et al.,
2013 [64] Anaerobe 43 ME/CFS and 36

healthy controls Fukuda (1994) [4]

High-throughput
16S rRNA

sequencing from
stool samples

↑ Lactonifactor and
Alistipes

↓ Several Firmicutes
populations

Sheedy et al.,
2009 [62] In Vivo

108 ME/CFS and
177 healthy

controls

Holmes (1988)
[72]/Fukuda (1994)

[4]/Canadian
Definition Criteria

(2003) [3]

Fecal sample
collection and

identification of
facultative anaerobic

organisms using
standard criteria [73]

↑ Dlactic acid producing
Enterococcus and
Streptococcus spp.

CPET: cardiopulmonary exercise test; ↓ decrease; ↑ increase.

190



J. Clin. Med. 2021, 10, 5077

GM dysbiosis may also represent a cause of increased gut permeability [60]. In this
respect, a correlation between changes in GM and a higher level of inflammation was
observed in some studies [60,64]. Moreover, increased commensal bacterial translocation
and enhanced gut inflammation have been found in ME/CFS cases compared to controls,
as discussed in more detail in Section 2.2 [60,74,75] (Figure 1). Although the exact mecha-
nism behind this phenomenon largely remains unknown, one hypothesis is that the rise
in Enterobacteriaceae found in dysbiosis may mediate intestinal inflammation and perme-
ability, as increased levels of lipopolysaccharide derived from these bacteria is detected
in ME/CFS [74,76,77] (Figure 1). However, it should be noted that this is far from being
proven, and more research is needed to address this point. Another possibility is that
bacterial metabolites contribute to the disease by interfering with the estrogen receptor and
Vitamin D receptor pathways, as the latter is also involved in development of autoimmune
disorders, which often occur as comorbidities of ME/CFS as mentioned previously, but this
topic remains to be addressed [64,78,79]. Last, when searching for a possible mechanism
for how dysbiosis influences ME/CFS pathogenesis, the gut-brain-axis, and the autonomic
and enteric nervous systems should also be considered [60,80].

Although the importance of gut microbiome in health and disease is becoming more
and more prominent, several limitations still need to be addressed in respect to ME/CFS. In-
deed, if the data cited above report evidence for a dysregulated gut microbiota composition,
it is also true that contradictory studies are present in the literature. For example, when 18S
rRNA sequencing was used to analyze eukaryotic diversity in ME/CFS cases compared to
controls, insignificant differences were reported [61]. Likewise, even though alterations
in the human gut microbiome (i.e., the multitude of genes of the gut microbiota), have
been observed in multiple studies in ME/CFS cases, results have failed to be reproduced
between studies, likely due to study design [12,14,81]. The reason for this discrepancy
could be found, at least in part, in the narrowness of the cohort analyzed in each study. In
this respect, in order to have reliable and statistically significant results new investigations
should be carried out involving more participants, both ME/CFS cases and controls. Simi-
larly, the idea of using rRNA sequencing as a new diagnostic tool in ME/CFS, although
attractive, has yet to be validated to avoid misdiagnosis. Altogether, these data point out
that gut microbiota alterations seem to characterize ME/CFS in those affected, but the role
of dysbiosis in disease pathogenesis and progression should be further investigated.

2.2. Increased Gut Permeability in ME/CFS

The intestinal barrier is a single-cell epithelial layer that allows the selective absorption
of nutrients, electrolytes, and water through a mucous membrane. In health, epithelial cells
are tightly connected by desmosomes, adherens junctions and tight junctions, which are
made up of occludin, claudins, and junctional adhesion molecules respectively. Thus, intra-
luminal translocation of bacteria and toxins into the bloodstream is prevented [82]. How-
ever, when homeostasis is altered, for example due to gut inflammation, dysbiosis, chronic
NSAID intake, or stress, the barrier integrity is lost and commensal bacteria can reach the
bloodstream (Figure 1) [60,82,83]. The presence of circulating lipopolysaccharide (LPS)
derived from gram-negative endobacteria, also known as metabolic endotoxemia, then
activates the inflammatory TLR4 pathway and immune cells produce pro-inflammatory
cytokines and LPS-directed IgM/IgA, thus enhancing systemic inflammation [74,76,84,85].

Metabolic endotoxemia and gut permeability have already been considered in the
pathophysiological mechanism of several diseases such as obesity, diabetes, nonalco-
holic fatty liver disease, atherosclerosis, metabolic syndrome, or septic shock, as well
as ME/CFS [60,75,84–86]. In this respect, serum IgA and IgM levels against LPS of en-
terobacteria are significantly higher in ME/CFS cases than controls, and correlate with
disease severity [74]. Likewise, raised IgA response to commensal bacteria and enhanced
inflammation have been reported in 128 ME/CFS cases when compared to healthy vol-
unteers [76]. Remarkably, significant improvement was obtained if a leaky gut diet was
combined with anti-inflammatory and anti-oxidative substances, thus suggesting a new
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therapeutic approach in ME/CFS treatment [77]. Similar results were also obtained in
depressed patients, suggesting that gut permeability and consequently enhanced immune
response might explain overlap between major depressive disorder (MDD) and ME/CFS
cognitive symptom [87,88]. A growing body of evidence demonstrates the importance
of neuroinflammation in the development of neurodegenerative and neuroprogressive
diseases [89,90]. Given the ability of bacterial translocation to drive systemic inflammation,
blood-brain barrier disruption and neuroinflammation, some authors hypothesize that this
mechanism might explain the onset of neurological abnormalities in ME/CFS, but this
remains to be proven [83,91,92]. Based on this hypothesis, leaky gut targeting may reduce
both gastrointestinal and cognitive symptoms, thus representing a promising approach in
ME/CFS therapy but more research is needed before drawing conclusions.

There is evidence that ME/CFS could be classified as an autoimmune disease [93], and
gut permeability may also play a role in this context. After a viral trigger, dysbiosis and
genetic predisposition favor the generation of immune cell clones prone to autoreactivity,
leading to self-antigen immunization and autoimmunity [16]. In addition, a link between
fatigue, autoimmunity, and intestinal barrier breakdown has also been established [94].
The fact that dysbiosis and bacterial translocation cause an increase in pro-inflammatory
cytokines (i.e., IL-1 and TNF-α) is an additional mechanism that could explain the relation-
ship between gut, ME/CFS and autoimmunity [95]. However, the role and the importance
of autoimmunity in ME/CFS pathophysiology are not yet clear, and more studies are
needed to confirm these suggestions.

A complex relationship between dysbiosis, intestinal permeability, chronic inflam-
mation, and cognitive symptoms is reported in ME/CFS. A viral infection may represent
an important trigger of systemic inflammation, which in turn promotes dysbiosis and
neuroinflammation. In these conditions, Enterobacteriaceae growth is favored, while Bac-
teroidetes and SCFA production are impaired. This imbalanced gut composition, together
with chronic inflammation, stress and NSAIDs prolonged intake, favors tight-junction
disruption and leaky gut. While in base-line conditions only nutrients and SCFAs can
reach the bloodstream, upon intestinal barrier integrity loss, bacterial and LPS translo-
cation are also possible. Given that the resulting metabolic endotoxemia exacerbates
pro-inflammatory cytokine production and release, this chronic-low grade inflammation
contributes to neuroinflammation and neurological abnormalities.

Therapeutic options aimed at restoring gut barrier integrity and eubiosis have been
proposed. Among those, prebiotics, probiotics, fecal microbiota transplantation (FMT),
and diet interventions have all shown promising results, but more studies are needed to
determine their efficacy.

2.3. Oxidative Stress and Inflammation in Disease Pathogenesis

Oxidative stress refers to a condition in which high levels of intracellular reactive
oxygen species (ROS) accumulate and cause protein, lipid, and DNA damage [96]. Al-
though antioxidants are supposed to counteract the buildup of ROS, their levels in chronic
conditions, such as IBD, remain low [97]. In addition, chronic low-grade inflammation
and oxidative stress are both associated with ME/CFS [60,98]. For example, an increase in
oxidative stress level and a decrease in antioxidant levels in resting conditions have been
reported in ME/CFS cases when compared to controls [99]. Moreover, elevated urinary
8-hydroxy-deoxoguanosine (8-OHdG) levels, a well-known marker of oxidative DNA
damage, was shown to correlate with malaise and depression in ME/CFS [100]. Similar
to IBS, high levels of pro-inflammatory cytokines (i.e., IFN-γ, IL-4, IL-5, TGF-α and IL-1)
are also detected in ME/CFS [101,102]. Although it is not yet clear whether inflammation
can directly cause fatigue, the enhancement of 92 circulating inflammatory markers in
ME/CFS individuals resembles the analysis obtained for Q fever fatigue [103]. Given
the lack of defined biomarkers in ME/CFS, the possibility of relying on inflammatory,
oxidative/nitrosative stress, and antioxidants markers has been proposed [60,99,104].
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Although several factors contribute to the establishment of inflammation and ox-
idant/antioxidant imbalance (i.e., viral infection, reduced antioxidants, stress, depres-
sion [60,75,105]), dysbiosis, and metabolic endotoxemia also play an important role [60,83,91].
In this respect, a model has been established according to which stress, dysbiosis, and
systemic inflammation all contribute to reducing the tight-junction protein occludin, thus
causing the intestinal lining to lose its barrier function [60,82,83]. Increased gut permeabil-
ity, in turn, further exacerbates chronic inflammation via endotoxemia and TLR4 pathway
activation, leading to neuroinflammation and oxidative/nitrosative stress [83,85]. As ev-
ident in Idiopathic Chronic Fatigue (ICF), oxidative stress may finally represent a key
pathophysiological mechanism in ME/CFS [83,106,107]. Even though it still requires fun-
damental validations, if this model turns out to be true, it will certainly constitute a new
key target in ME/CFS treatment, thus confirming the central role of gut homeostasis in
both gastrointestinal and extra-intestinal disease pathogenesis.

2.4. Therapies Aimed at Microbiota May Alleviate ME/CFS Symptoms

Given the frequent association of ME/CFS with chronic inflammation, dysbiosis and
gut permeability [108], it is worth speculating that approaches aimed at replenishing the
microbial balance, restoring mucosal barrier integrity, and lowering inflammation may be
therapeutically relevant. Prebiotics, probiotics, specific diet, particular molecule intake,
and fecal transplantation have been proposed, in this respect (Figure 1) [109]. NADH,
probiotics, high cocoa polyphenol rich chocolate and Coenzyme Q10 proved all capable
of improving fatigue in ME/CFS-diagnosed cases, but questions remain on whether the
results can be replicated on a larger sample size [110].

2.4.1. Probiotics

Probiotics are living microorganisms which normally reside in the human body. Lacto-
bacilli spp., E. coli-Nisle 1917, Bifodobacteria spp., some Streptococcus types, and the yeast
Saccharomyces boulardii are all considered probiotics [60]. Recently, their application as
adjuvant therapy in IBS treatment mostly showed positive results [111–124]. In addition,
administration of Akkermansia muciniphila and Lactobacillus sakei OK67 to high-fat diet (HFD)
fed mice were independently able to enhance tight-junction function, increasing occludin
gene expression and decreasing intestinal permeability [125,126]. Remarkably, during L.
sakei OK67 treatment, a significant decrease in the inflammatory markers TNF-α, IL-1β
and NF-κB has also been reported [126]. In the context of ME/CFS, the same promising
results were replicated applying an 8-week long treatment of four probiotic mixtures [127].
Moreover, the administration of Bifidobacterium infantis 35624 to 48 ME/CFS cases con-
firmed the ability of probiotics to reduce the systemic pro-inflammatory markers CRP,
TNF-α and IL-6 [128].

Anxiety, depression, and psychiatric disorders are often found in ME/CFS affected
individuals [129] and finding an alternative to the currently employed psychotropic medica-
tions is crucial. Results from a 12-week randomized, double-blind, and placebo controlled
clinical trial report that a mixture of Lactobacillus helveticus R0052 and Bifidobacterium longum
R0175 could be effective in decreasing inflammation and improving psychiatric manifesta-
tions in MDD patients following a gluten-free diet [130]. Since both MDD and ME/CFS
show psychiatric symptom overlap [131], it is interesting to see whether probiotic use
in chronic fatigue would prove equally beneficial. Preliminary evidence suggests that a
significant drop in anxiety, associated with eubiosis reestablishment, can be observed if
Lactobacillus casei strain Shirota is administered daily for 2 months in ME/CFS cases [132].
In addition, improvements in neurocognitive functions among L. paracasei spp. paracasei
F19, L. acidophilus NCFB 1748 and B. lactis Bb12 receiving ME/CFS-diagnosed individuals
are particularly notable [109]. Overall, these studies show that probiotics, alone or in
combination, will probably emerge as a remedy supporting ME/CFS therapy.
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2.4.2. Prebiotics

Prebiotics are non-digestible carbohydrate nutrients which are used as food by the
GM. Fructo-oligosaccharides and galacto-oligosaccharides are the two main prebiotic
classification groups [133]. Upon bacterial degradation, they produce SCFAs that dif-
fuse via systemic circulation, hence influencing both gastrointestinal and extra-intestinal
functionality [134]. Given their ability to selectively promote the expansion of only some
intestinal microorganisms and revising gut microbiota makeup and function [133], they
are proposed as promising adjuvant therapy in many diseases (e.g., IBS, Crohn′s disease,
bowel motility, autism, obesity and colorectal cancer) [133]. Multiple oligosaccharides have
proven effective in reversing microbiota dysbiosis through Lactobacilli growth promotion,
Proteobacteria reduction, and Firmicutes/Bacteroidetes ratio decrease in diet-induced obese
rats and mice [135–137]. In addition, significant amelioration of gut permeability and
systemic inflammation have also been reported. Rats and mice fed with prebiotics, such
as bovine milk oligosaccharides, oligofructose-enriched inulin, spirulina platensis, and
FOS/GOS, showed lower plasma LPS, decrease in serum pro-inflammatory cytokine levels,
reduced gut inflammation and improved tight-junction integrity [135–139]. Altogether,
these studies suggest that prebiotics may be helpful for ME/CFS cases presenting dysbiosis,
leaky gut and systemic basal inflammation, but clinical trials are needed before drawing
further conclusions.

2.4.3. Diet

A change in dietary habit is a rapid, reproducible and direct way of modifying the
gut microbiota [140]. Diet, other than being involved in some disease pathophysiology,
if adequate and taken at set times, is capable of balancing microbiota composition and
mitigating inflammation, similar to prebiotics [141,142]. In the last few years, IBS, obesity,
and Crohn′s patients have benefited from this therapy, and dietary interventions have also
been considered in the neuropsychiatric field [143–149].

Glucose/fructose-based diets and long-term protein-based diets have been correlated
with dysbiosis, leaky gut, increased systemic inflammation and increased levels of plasma
endotoxins [150,151]. Consequently, gluten-free diets, starch and sucrose-reduced diet,
and dietary regimens aimed at lowering caloric intake can decrease C-reactive protein
(CRP) and LPS binding protein levels, counteract intestinal permeability, and ameliorate
gastrointestinal and extra-intestinal symptoms of IBS and obesity [130,152,153]. Similarly,
microbiota diversity and metabolic endotoxemia are improved by polyunsaturated fatty
acid omega-3 intake, and polyphenol and fiber consumption are preferred [142,154]. Eicos-
apentaenoic acid which is found in omega-3 rich fish oil has also been found to alleviate
symptoms in ME/CFS cases [155,156]. In diet-induced obese rats and mice, some benefits
can also be achieved by specific nutrient integration. In this respect, apple polysaccharides,
flos lanicera administration and Bofutsushasan (a Japanese herbal medicine) have proven
effective in favoring Lactobacillus and Bacteroidetes growth, enhancing tight junction func-
tion and reducing the pro-inflammatory cytokines TNF-α and IL-6 [157–159]. Additionally,
integration of Sarcodon imbricatus or intake of a mixture composed of Angelica gigas, Cnid-
ium officinale, and Paeonia lactiflora, proved effective in restoring the oxidant/antioxidant
homeostasis and in reducing fatigue in ME/CFS mouse models [160,161].

Although more clinical trials are needed in humans, these results indicate that the
ability to act on microbiome makeup, gut permeability, inflammation and neurocogni-
tive symptoms at the same time proposes dietary intervention as a promising additional
adjuvant approach in ME/CFS treatment.

2.4.4. Fecal Microbiota Transplantation (FMT)

Fecal microbiota transplantation (FMT), also known as stool transplantation or bac-
teriotherapy, is the process of transplanting stool from a healthy donor into a patient′s
intestine [162]. The aim of the therapy is to restore dysbiosis by infusing a balanced and
healthy microbiota population into the gut of the recipient. In most cases the transplanta-
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tion takes place via colonoscopy, but enema or orally administered capsules are also avail-
able [163,164]. Although it is only approved for recurrent or refractory Clostridium difficile
infection treatment [165], FMT is now being tested as an experimental therapeutic option
for primary Clostridium difficile infection, obesity, insulin resistance, metabolic syndrome,
metabolic fatty acid liver disease, fibromyalgia, ulcerative colitis, Crohn′s disease, ME/CFS,
functional constipation, IBS, and even cancer [164,166–169]. In addition, several neuropsy-
chiatric disorders have been proposed as potentially benefitting from FMT. Studies are
being carried out using stool transplantation in autism, Parkinson′s Disease, Alzheimer′s
Disease, and Multiple Sclerosis, but the success of these trials is debatable [170–172]. Re-
cently, promising perspectives came from the use of FMT in immune-checkpoint inhibitor-
associated colitis, IBS, and IBD, but larger cohort trials are needed [162,164,173]. FMT
ability to decrease inflammation, reduce intestinal permeability via SCFA production and
restore immune dysbiosis [174] proposes this nascent therapy as a promising approach
also in ME/CFS treatment. In a study of 34 ME/CFS participants who received FMT,
41% showed persistent relief after 11–28 months, while 35% reported only little or late
relief [175]. Moreover, a 70% response rate was obtained when 13 non-pathogenic bacteria
were administered via colonoscopy in 60 ME/CFS individuals. Additionally, at 15–20 years
follow up, 58% of cases reported maintained response without recurrence [176].

Despite the potential of FMT in a wide range of diseases, limitations are still evident.
Lack of consistency and shared standard protocols, selection criteria, route of administra-
tion, therapy duration, long-term risks, and donor selection are all open questions that
have not yet been addressed [162,167,170,177–179]. Moreover, several authors underline
that no solid conclusions can be drawn from existing studies, and larger clinical trials are
needed in order to clarify FMT efficiency in various human disorders [162,170,174,180,181].
It would also be worthwhile to see if the multiple donor FMT proved more effective than
the single donor approach, as already suggested in the literature [182].

While several limitations exist, these data indicate that FMT application in multi-
ple intestinal dysbiosis-associated extra-intestinal diseases may soon represent a novel
therapeutic approach for ME/CFS cases.

3. Discussion

Altogether, this short review summarizes the main findings concerning dysbiosis and
gut permeability in ME/CFS. While GM homeostasis has proved to be fundamental in
many diseases, its role in ME/CFS pathogenesis and disease development is still partially
unclear and needs to be fully addressed to enable proper treatment of the disease. Studies
on larger cohorts, use of consistent criteria for the diagnosis of ME/CFS, and reduction of
confounding variables by controlling factors that influence microbiome composition prior
to sample collection are needed in this respect. At the same time, therapeutic applications
aimed at eubiosis re-establishment and leaky-gut prevention should be tested further in
humans, as current promising insights are often based on data from mice and rats. Similarly,
microbiome alterations or metabolic endotoxemia should be considered as potential disease
biomarkers, even though GI symptoms overlap with those of other disorders and may
represent a concern for precise differential diagnosis. Nevertheless, the importance of
the GM in ME/CFS is evident through the links between GM alterations, inflammation,
autoimmunity, and the gut-brain axis. Overall, we give an overview of the promising
microbiome-based therapeutic applications for the chronic and strongly debilitating disease
that is ME/CFS, and encourage deeper research in this field.
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a chronic systemic
disease that manifests via various symptoms such as chronic fatigue, post-exertional malaise, and
cognitive impairment described as “brain fog”. These symptoms often prevent patients from keeping
up their pre-disease onset lifestyle, as extended periods of physical or mental activity become almost
impossible. However, the disease presents heterogeneously with varying severity across patients.
Therefore, consensus criteria have been designed to provide a diagnosis based on symptoms. To
date, no biomarker-based tests or diagnoses are available, since the molecular changes observed also
largely differ from patient to patient. In this review, we discuss the infectious, genetic, and hormonal
components that may be involved in CFS pathogenesis, we scrutinize the role of gut microbiota in
disease progression, we highlight the potential of non-coding RNA (ncRNA) for the development of
diagnostic tools and briefly mention the possibility of SARS-CoV-2 infection causing CFS.

Keywords: ME/CFS; immunity; dysbiosis; COVID-19; hormone; depression; genetics; miRNA;
therapy; diagnosis

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex chronic
disease of unknown origin that affects nearly 0.9% of the population worldwide [1,2].
Disease symptoms are often broad, and they overlap with many other conditions, making
ME/CFS hard to diagnose. Excessive fatigue, malaise, muscle pain, unrefreshing sleep,
dysbiosis, cognitive dysfunction, neuroendocrine and immune alterations are all reported
in ME/CFS patients [3]. While ME/CFS is often a chronic condition, some patients can
experience periods of partial recovery in between relapses, and disease progression differs
largely between patients [4]. Although viral infections have been considered the main trig-
ger of disease onset for a long time, a clear mechanism of pathogenesis is still undefined [5].
It is now becoming clear that ME/CFS origin could instead be explained by a complex
relationship between genetic predisposition and environmental factors, with each compo-
nent contributing to disease manifestation [6]. In this respect, sex, socio-economic status,
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and age have been reported to correlate with disease presentation, with females being
predominantly diagnosed but not necessarily affected more often [7].

Although several consensus criteria have been established in the literature (i.e., Cana-
dian Consensus Criteria, Fukuda, Oxford, International Criteria, etc.) no blood test or
diagnostic tool is commercially available [3]. However, the lack of a single set of defined
consensus criteria might lead to misdiagnosis. Similarly, a clear therapeutic approach is still
lacking. Although different meta-analysis and clinical trials have shown robust evidence
in favor of cognitive-behavioral therapy (CBT) and graded exercise therapy (GET) [8–17],
more research should be carried out to find advanced therapeutic approaches [6,18].

Given these limitations, identifying the components which contribute to disease
pathogenesis and understanding how they cause disease symptoms may lead to novel
diagnostic and therapeutic approaches [6]. Several reviews are available in the literature
addressing general and specific topics related to ME/CFS, yet a complete overview of
the different aspects leading to disease pathogenesis and progression is still lacking. In
this review, we address comprehensively how immune dysfunction, hormonal imbalance,
genetics/epigenetics, and cognitive alterations affect ME/CFS patients, providing insights
into the emerging role of non-coding RNAs and gut microbiome alterations in disease
pathogenesis. Lastly, we also include a brief summary of the potential relationship between
the newly coined “long-COVID” and chronic fatigue.

2. Methods

To review the role of inflammation, immunity, genetics, epigenetics, cognitive symp-
toms, dysbiosis, non-coding RNAs, and hormones in ME/CFS, we carried out an exhaustive
search in PubMed (U.S. National Library of Medicine) publication database. The following
keywords were used alone or in combination: “chronic fatigue syndrome”, “myalgic en-
cephalomyelitis”, “ME/CFS”, “inflammation”, “cognitive symptoms”, “dysbiosis”, “micro-
biome”, “miRNA”, “non-coding RNA”, “COVID-19”, “long-COVID”, “fatigue”, “therapy”,
“diagnosis”, “cytokine”, “genetic”, “polymorphism”, “epigenetic”, “HPA axis”, “depres-
sion”, “intestinal permeability” and “infection”. Recent publications were preferred, but no
limiting period was imposed in our screening. Furthermore, books, general newspapers,
and Institutional Websites were reviewed for possible integration.

3. Results

3.1. The Role of Inflammation and Immunity in ME/CFS

Like other inter-cellular communication, homeostasis of the immune system is dys-
regulated in CFS [19]. This means ME/CFS patients will experience symptoms related
to immunological changes such as high susceptibility to infections, especially of the up-
per respiratory tract, long recovery times, chronically swollen and tender lymph nodes,
and feeling feverish often [3]. It is not clear yet whether CFS is an inherently low-grade
inflammatory disease or whether it is only accompanied by systemic inflammation [5]. The
underlying causes for each of the symptoms have not yet been fully elucidated, but the
following paragraph aims at summarizing the current state of knowledge in the field.

Multiple changes can be observed concerning the state of inflammation in the body of
CFS patients in comparison to healthy people. An inflammatory, cell-mediated immune
response is active even when pathogens are absent. This may be an abnormal reaction
to common antigens which are harmless [20]. This cell-mediated immune response is
generally characterized by a decreased function of natural killer (NK) cells, reduced re-
sponse of T-cells to antigens [21,22], and persistence of autoreactive cells [23–25]. The
activated state of the immune system is also indicated by an increase in the biomarker
neopterin, which is released by monocytes and macrophages, and a high concentration of
acute-phase reactants [5,26]. With impaired NK cell function, the ability of the organism to
fight infections decreases. The more severely the function of these cells is impaired, the
worse ME/CFS symptoms the patient suffers from typically are, and patients are more
likely to contract recurrent infections due to immune suppression [3,27]. One can also

206



J. Clin. Med. 2021, 10, 4786

observe an expansion of effector memory cells exhibiting type 2 responsiveness which
means there is low-grade, chronic inflammation. A phenotypic shift in T-helper cells from
Th1- to Th2-cells was already discovered in the early 1990s [3,28–30]. T-cells also show
increased CD26 surface expression, defective regulatory cell functions, fast exhaustion, and
dysregulated cell metabolism [5,19,28,31]. Contradictory studies have been published on
whether CFS patients show an increase or decrease in T-regulatory cells [32,33]. Further-
more, CFS patients show persistence of autoreactive cells that can generate autoantibodies
during common infections, for example, against ß2-adrenergic receptors and M3 acetyl-
choline receptors [23,24]. Neutrophils and lymphocytes are more prone to apoptosis than
in healthy individuals [34].

The finding of low-grade inflammation is also supported by an altered cytokine
profile, pro- as well as anti-inflammatory cytokine levels are reported to be elevated in
subsets of patients [5,21]. However, contradictory studies have been published on this
topic depending on the methods which were used [21,35]. Cytokine levels which are often
reported as increased are IL-1β, IL-1, IL-4, IL-5, IL-6, IL-12 [5], and IL-2 [26,36,37], those
which appear decreased are IL-8, IL-13, IL-15, and IL-23 [5,38,39]. Furthermore, TNF-α
and IFN-γ levels are increased as well as those of NF-κB, a transcription factor regulated
by cytokines such as TNF-α and IL-1β [5,27,37,40–42]. As mentioned before, the overall
results of these studies are not conclusive, for example for IL-8 and IL-13, increased levels
have been reported as well [38]. One of the reasons why these results may differ so much
between studies could be the influence of other factors such as sleep, obesity, nutrition,
and cognition on the state of inflammation in the body. The time point of measurement
during disease progression could also play a role. If changes are observed, they are most
pronounced in the first three years of the disease. This is of clinical significance as it enables
distinguishing between the early and late stages of ME/CFS [43]. Besides total cytokine
levels, the network of cytokine interactions also seems to diverge from the norm [39]. A
chronically high level of cytokines may interfere with the stress response to body issues and
could partly explain chronic fatigue and flu-like symptoms in many patients’ experiences.

It is not clear what exactly causes the onset of symptoms in ME/CFS, but viral
infections and stress have been discussed as a possible origin of the disease, while an
additional genetic component is also likely [3,44–46]. Infectious pathogens such as viruses
could be the original cause of the inflammatory state by activating antiviral immune
responses, which then trigger systemic inflammation [5,26,34,45]. The virus infection most
widely reported in relation to CFS is Epstein-Barr virus (EBV) since a considerable number
of patients report symptom onset after contracting EBV [47–49]. However, it should be
noted that an estimate of >90% of the adult population generally test positive for past
EBV infection, and most do not develop ME/CFS. Human herpesvirus 6 (HHV-6) and
human parvovirus B19 have also been reported as possible causes of CFS [50–54]. The
probability of patients developing CFS after severe viral infections or other illnesses such
as Lyme disease has consistently been reported as 5% to 10% [55]. Regardless of which
virus infection may trigger ME/CFS, specific immunological changes that CFS and viral
infections have in common include altered antiviral response elements, for example, the 2-
5A synthetase/ribonuclease L (RNase L) antiviral defense pathway in monocytes, which is
mediated by interleukins [3,31,56], and elevated cytokine levels. RNase L then destroys cell
membranes in CFS patients, including mitochondrial membranes which causes additional
oxidative stress [57]. When suffering acutely from a sore throat, patients very often present
with a viral reactivation, which may also be accompanied by tender, swollen lymph
nodes [3]. Besides viral infections, another possible explanation for dysregulation of the
inflammatory cascade is impairment of the hypothalamus–pituitary–adrenal (HPA) axis,
since the systemic hypocortisolism which has been reported in this respect is known to
impact immunological homeostasis and drive Th2-cell identity [28,58] (see also HPA axis
paragraph). Patients who received cognitive behavioral therapy (CBT) showed lower
cortisol levels after treatment compared to untreated patients [58].
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Multiple studies have reported elevated levels of oxidative stress in CFS
patients [5,34,59]. The antioxidant capacity seems to be decreased in subgroups of pa-
tients, but even in patients with normal antioxidant capacity, an increase in oxidative stress
is observed. The activity of oxidative and nitrosative pathways is enhanced while levels
of antioxidants such as zinc and enzymes like coenzyme Q10 are decreased [5,21,60,61].
This may lead to excessive formation of free radicals, which cannot be eliminated and will
damage the cells by targeting fatty acids and proteins [5,21]. These are then recognized as
abnormal by the immune system and may in part lead to a chronic inflammatory state. An
IgM-mediated immune response directed against O&NS-modified epitopes in ME/CFS
has been observed [5,61]. In this context, mitochondrial dysfunction, which has been
observed as well [5], can also play a role as this organelle is crucial for reactive oxygen
species (ROS) regulation. ROS-induced damage to the mitochondria and elevated pro-
inflammatory cytokines, which are both also consequences of viral infection, can activate
NF-kB transcription.

Since the inflammatory signaling pathways generally seem to be disturbed, one
possible explanation for the symptoms of the disease could be a disrupted gut barrier [45].
The leaky gut hypothesis is supported by the finding that IgA levels in CFS patients against
lipopolysaccharides (LPS) of gram-negative bacteria are increased, which is accompanied
by increased translocation of these bacteria [5] and the fact that CFS and irritable bowel
syndrome (IBS) often occur together [62]. Another possible explanation for the pronounced
immune response could be autoimmunity. A few factors support this idea, such as a
high prevalence in women which is common in autoimmune diseases, the increase in
baseline inflammation, and that it often occurs as a comorbidity of other autoimmune
diseases [3,47,55,63,64]. As mentioned above, CFS can occur after infection with EBV,
which is also a known risk factor for developing autoimmune diseases [65,66]. If patients
are treated against autoantibodies, the condition improves [25,64]. What strongly speaks
against the idea of CFS being an autoimmune disease, however, is the lack of tissue damage.

Besides these differences in the baseline state of the immune system in CFS patients com-
pared to healthy people, patients also experience post-exertional malaise (PEM) [55,67,68].
One possible explanation for this might be a more pronounced immune response in
ME/CFS patients after exercise than in healthy people [69]. Upon exercise, physically
but also mentally, symptoms usually worsen within 24 h, however, there is contradictory
evidence against an immune response that diverges from the norm, possibly due to differ-
ences in study design [68]. Reports have been made of an increase in TLR-4 and IL-10 gene
expression after exercise [69]. While the gene expression was increased, the circulating
cytokine levels in response to exercise appear to be similar in CFS and control groups
in some studies but diverge strongly in others [69,70]. When studying the complement
response to exercise in CFS patients, some evidence was found for a stronger response
than in controls. This is of interest because an altered complement response might cause
PEM [69]. Moreover, patients seem to suffer from increased oxidative stress faster and
longer after exercise than healthy controls, and their antioxidant response is delayed and
reduced [46,59]. This fits with the higher level of oxidative stress in these patients even
without exercise and supports the hypothesis that some of the symptoms are caused by
malfunctions in ROS regulation. Further findings point towards decreased ATP levels,
increased lactate, hyperactive RNase L activated by IFN, and hyperactive NF-κB relative to
healthy controls. Overall, the evidence suggests that the immune response of CFS patients
to exercise is more pronounced than that of healthy people [70].

3.2. Genetic and Epigenetic Alterations

Although CFS pathogenesis is still largely unknown, several studies suggest the
possibility of a genetic predisposition. First hints came from the observation that mothers
and children diagnosed with CFS share very similar symptoms, in contrast to fathers and
their children [71]. Moreover, the analysis of data obtained from the Utah health care
system highlighted a strong contribution in favor of CFS heritability [72]. Many pathways
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have then been linked to disease symptoms and severity, such as regulatory pathways of
immunity and neurotransmission, inflammation and oxidative stress, the catecholamine
pathway, and the serotoninergic system [73] (Table 1). TNF-α, IL-1β, IL-4, IL-6, HLA,
IFN-γ, GRIK2, SCL6A4, COMT, and NR3C1 genes have all been found to be correlated
with the disease [73]. For a summary of the most significant findings regarding CFS and
genetic predisposition please refer to Table 1.

Despite most studies reporting the association between CFS and one or a few polymor-
phisms, it should be noted that, being a multifactorial disease, a varied genetic contribution
is more likely to explain predisposition and heredity than a single variation. In this respect,
many variations scarcely contribute by themselves, but when put together they increase the
risk. Thus, searching for haplotypes or combined genetic polymorphisms will be helpful
in establishing a genetic screening test able to diagnose and/or stratify CFS patients [74].
Possibly, this could also be useful for the administration of personalized and tailored
therapy [75].

Genetic predisposition has also been hypothesized to be involved in autoimmunity.
Blomberg et al. present a model in which, following infection, certain genetic backgrounds
and dysbiosis might favor the generation of B-cell clones prone to react against self-antigens,
thus explaining why some patients present signs of autoimmunity [46].

Besides classical genetics, a growing body of evidence suggests that epigenetics
is also linked to CFS and can potentially explain the major pathways involved in the
disease. In one study, methylation patterns of 10 CFS patients have been compared to
10 controls, and immune, metabolic and neurological pathways have been associated with
the disease [4]. Moreover, differential methylation in the PRF1 gene and in several CpG loci
of T lymphocytes was also detected in CFS patients in contrast to healthy subjects [76,77].
Perhaps not surprisingly, the genetic and epigenetic alterations found in CFS often reside
in the same genes and affect the same functions, thus confirming the importance of the
previously mentioned pathways in disease pathophysiology.

Although the new discoveries in CFS and genetics are rising in expectancy in terms of
new diagnostic and therapeutic tools, it should be considered that studies with a higher
number of participants are needed to achieve true significance. Indeed, independent
research is usually conducted on a very limited number of CFS cases and analysis on
different patient cohorts often fails to reproduce matching results [74]. Therefore, while
the recent data can certainly increase our knowledge of disease mechanisms and has
translational potential, more confirming evidence is needed before applying this knowledge
in clinical practice.

Table 1. Summary of the most significant genetic alterations found in CFS patients.

Ref. N◦ Patients Gene/Protein Alteration Pathway

Smith et al.,
2011 [78] 40 CFS + 40 controls

• GRIK2 (glutamate
receptor, ionotropic,
kinase 2)

• G allele of rs
2247215 (GRIK2)

• Glutamatergic
neurotransmission

• NPAS2 (neural PAS
domain protein 2)

• T allele of rs 356653
(NPAS2)

• Circadian rhythm
regulation

Schlauch et al.,
2016 [79] 42 CFS + 38 controls

• CLEC4M (C-Type lectin
domain family 4
member M)

• C > T missense
mutation (CLEC4M) • Signal transduction

and kinase reaction

• GRIK3 (glutamate
ionotropic receptor
kainate type subunit 3)

• CT genotype at
rs3913434 (GRIK3)

• Glutamatergic
neurotransmission
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Table 1. Cont.

Ref. N◦ Patients Gene/Protein Alteration Pathway

Meyer et al.,
2015 [80]

120 CFS (12–18 years)
+ 38 controls

• SCL6A4 (solute carrier
family 6 member 4),
encodes for 5-HTT

• SNP rs25531 A > G
and short (S) vs.
long (L) 5-HTTLPR
allele

• Serotonin reuptake

Lobel et al.,
2015 [81] 74 CFS + 76 controls

• COMT (catechol-O-
methyltransferase)

• rs 4680
polymorphism

• Catecholamine
inactivation

De Luca et al.,
2015 [82]

89 FM/CFS + 196
controls

• NOS2A (nitric oxide
synthase 2A)

• NOS2A −2.5 kb
(CCTTT)11 allele

• Inflammation and
oxidative stress

Fukuda et al.,
2013 [83] 155 CFS

• GCH (GTP
cyclohydrolase I)

• C+243T
polymorphism
(GCH)

• tetrahydrobiopterin
(BH4) biosynthesis

• TH (tyrosine
hydroxylase)

• C-824T
polymorphism (TH) • Catecholamines

biosynthesis

Smith et al.,
2008 [84]

40 CFS + 55 with
insufficient fatigue +

42 controls

• HTR2A
(5-hydroxytryptamine
receptor 2A)

• -1438G/A, C102T
and rs1923884

• Serotoninergic
system

Carlo-Stella
et al., 2006 [85] 54 CFS

• TNF promoter • -857 TT and CT
genotypes (TNF) • Inflammation

• IFN-gamma • 874 A/A
(IFN-gamma) • Inflammation

Perez et al.,
2019 [86] 383 ME/CFS

• GPBAR1 (G
protein-coupled bile
acid receptor 1)

• rs199986029

• Macrophage
functions and
regulation of energy
homeostasis by
bile acids

• HLA-C (major
histocompatibility
complex, class I, C)

• rs41560916 • Immune system

• BCAM (basal cell
adhesion molecule) • rs3810141 • Intracellular

signaling mediator

Carlo-Stella
et al., 2009 [87] 75 CFS + 141 controls

• RAGE (receptor for
advanced glycation
end-product)

Haplotypes:

• RAGE-374A,
HLA-DRB1*1104
allele • Immunity and

inflammation• HLA-DRB1 (major
histocompatibility
complex, class II, DR
beta 1)

• RAGE-374A,
HLA-DRB1*1301
allele
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Table 1. Cont.

Ref. N◦ Patients Gene/Protein Alteration Pathway

Sommerfeldt
et al., 2011 [88]

53 CFS (12–18 years)

• COMT (catechol-O-
methyltransferase)

• AA genotype of
SNP Rs4680
(COMT)

• Catecholamine
inactivation

• β2-adrenergic receptor

• CG and CC
genotype of SNP
Rs1042714
(β2-adrenergic
receptor)

• Catecholamine
signaling

3.3. Cognitive Symptoms and Depression

It is well known that cognitive symptoms such as sleep disorders, depression, anxiety,
and mood swings are often found in and characterize CFS. Indeed, a recent systematic
review and meta-analysis reported that around half of the ME/CFS patients present with
anxiety and/or depression [89].

Diagnosis of CFS is achieved by using well-established diagnostic criteria (Canadian
Consensus Criteria, Fukuda, Oxford, International Criteria, etc.). In this respect, care-
fully defining the forms of associated chronic fatigue (i.e., in cancer, multiple sclerosis,
inflammatory bowel disease, psychiatric conditions) is critical to reaching a conclusive
diagnosis. Typically, a detailed medical history of the patient including symptoms, the
associated disability, the choice of coping strategies, and the patient’s own understanding
of their illness are considered. Since CFS and major depression (MD) share very similar
characteristics, many CFS patients are initially diagnosed as depressed [80]. Although the
diagnosis of MD should be an exclusion criterion for ME/CFS, distinguishing between MD
and reactive depression, which can be a comorbidity of CFS, is not always easy. However,
while the two conditions show some similar symptoms, they can still be distinguished. For
example, in depressed people, fatigue is associated with apathy, whereas in CFS patients
it is associated with intense frustration about their condition [90]. In addition, every CFS
evaluation should include a mental status examination to identify abnormalities in mood,
intellectual function, memory, and personality changes. Particular attention should be
directed toward acute depressive, anxious or self-destructive thoughts and observable
signs such as psychomotor problems. Moreover, a physical examination may show a
frequently sore throat and tender cervical or axillary lymph nodes in CFS, which are not
found in depression [90].

As briefly mentioned, not only is there a clear symptom overlap, but several articles
also show that ME/CFS and MD can be defined as comorbid [90]. Multiple reasons for
this co-occurrence can be discussed. For example, one of the main symptoms of CFS/ME
is chronic pain of differing quality and fatigue, and depression is a comorbidity of pain
itself [91]. Another possible reason for this comorbidity may be immune system dysreg-
ulation, as discussed above. Patients with ME/CFS have poorly functioning NK cells,
which is linked to the severity of the illness and disturbed cognitive function, while low
NK cytotoxicity has also been found in other diseases including MD disorder [3]. Recent
works have also found that, during chronic inflammation, microglia are activated and
participate in creating a neuro-inflammatory environment that is similarly found in patients
with depression [92]. Leaky gut and metabolic endotoxemia may also explain MD and
CFS symptom overlap. Recent studies demonstrated that both diseases show activated
immune-inflammatory pathways, including increased Gram-negative bacteria transloca-
tion and higher levels of pro-inflammatory cytokines, such as IL-1 [93]. Interestingly, in
chronic depression increased levels of IL-1 are associated with higher levels of fatigue
and psychosomatic symptoms, including hyperalgesia, insomnia, and neurocognitive
deficits [94]. Furthermore, depression sometimes also results from CFS. Poor concentra-
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tion, groping for words, short-term memory loss, and reading impairment are reported
in CFS patients, with severely affected patients experiencing strongly disabling cognitive
symptoms [3,95]. This complex psychological condition often prevents patients from con-
tinuing their normal lives, leading to severe depression that in turn may worsen the already
serious cognitive symptoms.

However, not all CFS patients present with depression. Clinical reports of CFS patients
without a history of depression show that antidepressant treatments may even be harmful
in these cases [3,90]. Although clinical diagnosis based on symptom manifestation is
certainly fundamental, results of some studies suggest that diagnostic tools based on
molecular and biological analysis could improve the diagnosis. While further investigation
is needed, Table 2 summarizes the proposed biomarkers based on which diagnostic tools
could be created to distinguish between CFS and MD (Table 2).

It should be noted that the neuropsychological conditions described in ME/CFS have
been hypothesized to originate at least in part from neuroinflammation. Higher levels of
proinflammatory cytokines have been found in the cerebral spinal fluid of CFS patients than
in healthy controls, and activation of microglia and astrocytes has been verified by positron
emission tomography (PET) scan. Over-activity of microglia and astrocytes showed a
correlation with symptom severity in patients. However, MD cannot be attributed to
neuroinflammation [96–98].

Table 2. Proposed biomarkers for CFS/MD differential diagnosis.

Ref. Condition
Number of
Participants

Markers Analyzed MD CFS Potential Biomarker

Maes at al.,
2012 [99]

Plasma
pro-inflammatory

cytokines

26 controls, 97
ME/CFS, 85 MD

• IL-1 ↓ ↑
Plasma levels of IL-1

and TNF-α• TNF-α ↓ ↑

Robertson et al.,
2005 [100]

Lymphocyte subset 25 controls, 24
MD, 23 CFS

• Resting T
(CD3+/CD25-)

↓ ↑ Resting T cells or
CD20+/CD5+ B cells

levels• CD20+/CD5+
B cells

↑ ↓

Scott et al.,
1999 [101]

Cortisol, adrenal
androgens, DHEA,

DHEA-S, 17-α-
hydroxyprogesterone

levels

11 controls, 15
MD, 15 CFS • DHEA ↑ ↓ DHEA levels

Iacob et al.,
2016 [102]

Exploratory factor
analysis and

regression analysis
on 34 genes

61 controls, 31
medication-

responsive MD
42 medication-

resistant MD, 33
CFS

• Purinergic and
cellular modulators
gene groups;

↓ ↑ Purinergic, cellular
modulators,

nociception, and
stress mediator gene
expression analysis.

• Nociception and
stress mediators
group

↓ ↑

Morris et al.,
2018 [103] SPECT imaging 38 controls, 14

MD, 45 CFS
• Mid cerebral

uptake index
↑ ↓ SPECT imaging

abnormalities

Costa et al.,
1995 [104] SPECT imaging 40 controls, 29

MD, 67 CFS

• Global and
brainstem
hypoperfusion

↓ ↑
99mTc-HMPAO

SPECT differences
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Table 2. Cont.

Ref. Condition
Number of
Participants

Markers Analyzed MD CFS Potential Biomarker

Goldstein et al.,
1995 [105]

SPECT imaging 19 controls, 26
MD, 33 CFS

• Dorsofrontal
hypoperfusion

↓ ↑

99mTc-HMPAO
SPECT imaging
patterns of rCBF

• Right orbitofrontal
lobe, left temporal
lobe and left
anterior frontal
lobes
hypoperfusion

↑ ↓

MacHale et al.,
2000 [106]

SPECT imaging 15 controls, 12
MD, 30 CFS

• Left prefrontal
cortex
hyperperfusion

↑ ↓
99mTc-HMPAO

SPECT differences
• Left thalamus

hyperperfusion
↓ ↑

MD: major depression; DHEA: dehydroepiandrosterone; DHEA-S: sulphate derivative of DHEA; SPECT: single-photon emission com-
puterized tomography (also known as single-photon emission tomography (SPET)); CBF: cerebral blood flow; 99mTc-HMPAO: (99m)Tc-
hexamethyl-propylenamine-oxime. ↑: increased; ↓: decreased.

To date, there is no standard therapy available that will effectively alleviate symp-
toms of the disease. There are, however, different approaches that have been tried in
the past which appear promising. Classical approaches are exercise treatment to slowly
build increased resistance to fatigue, and cognitive behavioral therapy (CBT) to allevi-
ate the psychological strain of the disease [3,55,58]. A major concern in CFS is chronic
pain treatment.

In this respect, meditation and relaxation response, warm baths, massages, stretching,
acupuncture, hydrotherapy, chiropractic, yoga, Tai Chi, TENS (transcutaneous electrical
nerve stimulation), physiotherapy and nerve blocks have all been proposed, but their
efficacy is still unclear [3]. Although mild pain killers and non-steroidal anti-inflammatory
drugs (NSAIDs), such as ibuprofen and naproxen, can be used in clinical practice to
temporally relieve headache, muscle pain, and fever, they often fail to treat chronic pain,
thus not providing relief in the long term [107–109]. Moreover, evidence for their efficacy
as adjuvant medicine in ME/CFS treatment is still lacking [110], and no large-scale clinical
trials support their prescription. A possible explanation for the lack of efficacy in ME/CFS
should be sought in the origin of pain in these patients [111]. In this respect, central
sensitization, which is pain hypersensitivity due to amplification of neuronal signaling,
may play a major role. The nervous system is tuned to high pain reactivity, resulting in
hyperalgesia. Neurological changes can be observed in these patients such as the ectopic
firing of dorsal root ganglia cells or anatomical changes to neurons and the dorsal horn.
Neuroinflammation can possibly contribute to central sensitization. NSAIDs may still
be used to modulate the activity of nociceptors, but antidepressants have shown higher
efficacy in managing this type of pain while physical therapy and psychotherapy are also
helpful [112,113].

Oftentimes, doctors advise CFS patients to rest physically. However, it is important to
point out that patients, especially those with a depressive disorder and no contraindications
for physical stress, should be recommended to undergo structured and supervised physical
training, as exercise therapy has been shown to improve symptoms in some patients [114].
Data from eight randomized clinical trials concluded that physical therapy improves
exhaustion, quality of sleep, and health status of the patients in the long term, thus showing
beneficial potential [12]. This finding contradicts the widespread opinion that patients
always feel uncomfortable after physical exertion, a phenomenon known as PEM [115].
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One of the aims of CFS treatment is the prevention of depression and suicidal tendencies
by managing the physical and emotional issues resulting from ME/CFS [3]. Short-term
studies of CBT in CFS have shown improvement in function and symptom management,
especially in conjunction with other treatment modalities and compared to relaxation
controls [116]. Symptoms of fatigue decreased mood, and physical fitness have been shown
to be significantly ameliorated in patients following CBT [9,11,14,15], even in children
and adolescents [10,117,118]. Moreover, the ability of CBT to relieve pain in ME/CFS has
also been reported [119]. However, the outcome of CBT for CFS as a psychotherapeutic
intervention and CBT effectiveness in improving cognitive function and quality of life still
need to be fully addressed, as some gaps remain in the current evidence base [120–124].

Considering the overlap with depression which has already been discussed, it is not
surprising that antidepressants might also be useful in treating mental aspects of CFS [124].
A large meta-analysis including 94 studies showed that antidepressants were approxi-
mately 3.5 times more effective than placebo in treating chronic pain in CFS patients [125].
Fluoxetine, for example, has shown the ability to improve symptoms and immune func-
tion [126] while Bupropion was found effective for the treatment of fatigue and depression
in nine fluoxetine resistant CFS patients [127]. However, some authors underline the lack of
studies on the efficacy of antidepressants in treating ME/CFS, and more studies on different
antidepressant molecules should be carried out before establishing a therapy [128].

3.4. HPA Axis and Hormonal Imbalance

When suffering from ME/CFS, patients can experience dysregulation in the levels of
hormones produced by the HPA axis [129]. Indeed, despite the heterogeneity of symptoms
affecting CFS patients, and the evidence of multifactorial pathogenesis, a hormonal imbal-
ance has been demonstrated to have a direct link with some of the symptoms present in
CFS, such as debilitating fatigue, difficulty with concentration, and disturbed sleep [130].
In this respect, meta-analysis evidence supports the presence of hypocortisolism in CFS
patients. Cortisol levels are fundamental to maintaining hormone homeostasis, and when
altered they may cause metabolic, inflammatory, and memory alterations, although it is
not sure if inflammation is a cause or consequence of a hormonal imbalance. Moreover, a
loss of morning peak ACTH (adrenocorticotropic hormone) and decreased responsiveness
to pharmacological challenge are also reported in CFS cases compared to controls [130].
Several symptoms of CFS resemble those of hypothyroidism caused by lower thyroid hor-
mone activity that may be due to underlying chronic inflammation. A case-control study
demonstrated that chronic fatigue syndrome patients exhibited lower FreeT3 (triiodothyro-
nine), TT3 (total triiodothyronine), decreased peripheral conversion of T4 (thyroxine) to
T3, normal/high-normal TT4 (total thyroxine) level, and lower protein binding of thyroid
hormones [131].

It is well-known that the prevalence of CFS is substantially higher in females compared
to men. Moreover, women with CFS have a significantly greater probability of reporting
an earlier onset of menopause due to any gynecological surgeries (hysterectomy and
oophorectomy) as well as pelvic pain and associated endometriosis compared to controls.
The consequences of a hysterectomy and early onset menopause will bring about a decline
in sex hormone levels. Low levels of estrogen can affect the immune system, causing
chronic fatigue and sleep disorders. Indeed, as the delicate balance between estrogen and
progesterone is lost, an improper inflammation response can arise [132].

It is now clear that proper function of the HPA axis is important for homeostasis. As
patients present with changes in the HPA axis, it is reasonable to wonder about possible
neuroendocrine implications in CFS etiopathogenesis. However, the main question is
whether HPA alterations are implicated in the genesis of the disease or if they are secondary
to the development of CFS. In this respect, it would be worth investigating which role is
played by hormonal imbalance in disease pathogenesis [133]. One popular hypothesis is
the so-called “allostatic load condition”, where the neuroendocrine system responds to a
stressor (allostatic state) in order to reset the physiological set-point (homeostasis). If this
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mechanism fails, an allostatic overload takes place, and the way the body deals with the
stressor perpetuates stress and the chronicity of the condition [134]. Possibly, this situation
may proceed dysfunction of the HPA axis. However, clear evidence in support of this
suggestion is still lacking, and more studies need to be carried out to understand the role
of neuroendocrinology in CFS pathogenesis [135].

3.5. Dysbiosis and Intestinal Permeability

Several papers have pointed out an alteration in the gut microbiome composition in
CFS patients, and involvement of dysbiosis in disease pathogenesis has been
hypothesized [136–138]. In particular, a decrease in microbial diversity and a drop in
Firmicutes number was found in CFS patients compared to controls [137]. Moreover,
other studies confirmed a reduction in Bacteroidetes/Firmicutes ratio and an increase in
Enterobacteriaceae, thus providing evidence of a complete reorganization in intestinal
microbiome composition and function [139,140]. The use of microbiota alteration as a
diagnostic biomarker has also been suggested, but disease overlap with other intestinal dis-
orders may represent a disturbing factor during diagnosis and patient stratification [138].
Although the gut microbiome is crucial in different disorders, the role of dysbiosis in
CFS pathogenesis remains to be fully addressed, and its role in this disease is still up
to debate [141]. After 18S RNA sequencing in the stool of 49 ME/CFS patients and
39 healthy individuals, Mandrano et al. reported a nonsignificant difference in eukaryotic
diversity [142]. Therefore, more studies are needed to fully understand gut microbiome
involvement in disease pathogenesis and progression.

Dysbiosis is a well-known cause of increased gut permeability. This phenomenon,
also known as leaky gut, allows bacterial translocation into the bloodstream, thus increas-
ing systemic inflammation via an immune response mediated by higher levels of LPS
derived from Enterobacteriaceae [26,143–145]. More commensal bacterial translocation
and increased gut inflammation have been reported in ME/CFS cases when compared to
healthy controls, similar to what has already been found in obesity, diabetes, metabolic
syndrome, nonalcoholic fatty liver disease, and septic shock. [143,145–148]. Therapeu-
tic interventions aimed at re-establishing eubiosis and reducing intestinal permeability
may be helpful in this respect. It has been demonstrated that a leaky gut diet, together
with anti-inflammatory and anti-oxidative substances, is able to significantly improve
CFS conditions [149]. Moreover, the use of probiotics and/or prebiotics should also be
considered, and preliminary studies in mice and rats show promising results [150–153].
Finally, positive outcomes were reported using fecal microbiota transplantation (FMT) in
CFS patients [154], but further evidence is needed. In addition, several concerns about
FMT, for example, a lack of consistency, donor problems, long-term safety, etc., still raise
doubts about safety and feasibility, limiting its use in the clinical practice [155–159].

Altogether, these data point out that intestinal microbiome involvement in disease
pathogenesis and progression should be further analyzed, and that promising novel thera-
peutic tools targeting leaky gut and dysbiosis could potentially arise for CFS patients.

3.6. Non-Coding RNAs

Non-coding RNAs (ncRNA) control various levels of gene expression, chromatin
architecture, epigenetic memory, transcription, RNA splicing, editing, and translation [160].
One specific type of ncRNA, the microRNAs (miRNA), alter and modulate several devel-
opmental, physiological, and pathophysiological processes [161]. This modulation can be
achieved in different ways: by silencing genes, by initiating the cleavage of their respective
target mRNA, or by inhibiting gene translation after complete or partial binding to their
target sequence [162].

Altered protein expression characterizes chronic pain and contributes to the develop-
ment of long-term hyper-excitability of nociceptive neurons in the periphery. Moreover,
the central nervous system is characterized by expressional changes of signaling molecules,
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transmitters, ion channels, or structural proteins [163]. As miRNAs are part of mechanisms
of gene expression, they are likely to contribute to these changes.

There is a need for unbiased, specific diagnostic biomarkers for ME/CFS to expedite
patient diagnosis and treatment, as some previously proposed biomarkers such as activin B
are controversially discussed [164,165]. miRNA profiles represent a promising strategy to
discover biomarkers and more recently to diagnose patients. A limitation for the biomarker
discovery studies in ME/CFS is the low number of participants that have been recruited.
Patients with ME/CFS show differential expression of miRNA coding genes that regulate
cytotoxicity, cytokine secretion, and apoptosis [166]. Therefore, miRNAs have the potential
to be utilized as biomarkers for disease diagnosis and prognosis, but it is imperative to find
a way to make markers as accurate as possible for the patient, considering their gender, age,
and lifestyle. Indeed, it has previously been shown that differential expression of miRNAs
in ME/CFS depends also on gender, exercise, and disease state. It is extremely important
to align assessment and reporting with Common Data Elements (CDE) in human subject
research to improve data quality that allows for comparisons across multiple studies [167].
The pathways in which each miRNA exerts its activity are not clear yet, but several miRNAs
have been identified as altered in ME/CFS patients.

Most of the miRNAs differentially expressed in patients with CFS are involved in im-
mune response regulation. For example, up-regulation of miR-150-5p is seen in both T-cell
and B-cell maturation and differentiation and influences the release of pro-inflammatory cy-
tokines. MiR-199-3p is a negative regulator of NF-κB and IL-8. Low miR-199-3p expression,
seen in ME/CFS subjects, is linked with poor survival outcomes in carcinomas, possibly af-
fecting the disease-related physiological burden. Another dysregulated miR-223 modulates
the TLR4/TLR2/NF-κB/STAT3 signaling pathway consequently affecting inflammatory
cytokine expression [161]. The cytokines released in response to the inflammatory assault,
particularly TNF-α, are directly suppressed by miR-130a-3p, reducing inflammation, and
associated oxidative stress. MiR-146a regulates the expression of STAT1 and reduces IFN-γ
secretion, resulting in the loss of the repressive effect of regulatory T lymphocytes, while
miR-374a-5p regulates the expression of ubiquitin ligase, mTOR signaling pathway, and
monocyte chemoattractant protein (MCP)-1, critical in inflammatory and immune response.
The overexpressed miR-4443 increases pro-inflammatory cytokines by activated the NF-κB
pathway via targeting TRAF4. The expression of miR-558, miR-146a, miR-150, miR-124,
and miR-143 associates directly with higher expression of immune inflammatory-related
genes encoding TNF-α, IL-6, and COX-2 in adolescents with CFS [161]. In addition, NK
cells have demonstrated the greatest changes in miRNA expression with upregulation
of hsa-miR-99b and hsa-miR- 330-3p. This is consistent with the ME/CFS phenotype
characterized by NK cells activity alterations [168].

Another important factor in ME/CFS is endothelial function. Silent information
regulator 1 (Sirt1) reduces inflammation and oxidative stress and increases the production
of nitric oxide by activating the endothelial nitric oxide synthase. MiR-21, miR-34a, miR-
92a, miR-126, and miR-200c regulate endothelial function via the Sirt1/eNOS axis but it is
necessary to further explore how this regulation occurs and its effectors [169].

In 2020, a new technique consisting of a post-exertional stress challenge that provokes
PEM in ME/CFS patients was developed, allowing to obtain measurements of the differen-
tial expression of circulating miRNAs in severely affected patients. This study led to the
discovery and validation of eleven miRNAs associated with ME/CFS and the creation of
a machine learning algorithm that allows the classification of ME/CFS patients into four
clusters associated with symptom severity, providing a foundation for the development
of a new non-invasive test to diagnose ME/CFS. These miRNA signatures and clusters
could potentially be used to predict responses to pharmacological treatments for ME/CFS
and may even allow clinicians to identify individuals for whom such treatments could be
beneficial [170].

MiRNAs are not the only type of ncRNA with a promising role in CFS diagnosis and
prognosis. Emerging roles of long non-coding RNAs (lncRNAs) in immune regulation
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and disease processes are being discovered. The levels in peripheral blood mononuclear
cells (PMBCs) of NTT and EMX2OS (two lncRNA associated with immune response)
have been associated with more severe ME/CFS, suggesting a potential diagnostic value
of these lncRNAs. For NTT, it has been proposed to exert its function on nearby genes
involved in cell proliferation, apoptosis, or inflammation, due to its large size (17 kb). A
marked positive correlation between NTT and IFNGR1, another lncRNA, was observed in
ME/CFS, suggesting that the NTT/IFNGR1 axis might play role in disease pathogenesis.
The expression level of EMX2OS was found to have elevated PBMCs from CFS patients.
The role of EMX2OS in PBMC is currently unclear and requires more experiments to be
elucidated [171].

Together, the previously mentioned studies provide a basis to develop an integral
diagnosis and prognosis program which not only includes metabolic analytes but also
molecular ones, such as miRNA or lncRNA, for diagnosing and choosing the best treatment
for ME/CFS patients.

3.7. ME/CFS and COVID-19

As of August 2021, the Coronavirus disease 2019 (COVID-19) outbreak caused by the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has led to nearly 216 mil-
lion cumulative cases, with 4.5 million deaths worldwide (WHO, 2021, https://www.who.
int/publications/m/item/weekly-epidemiological-update-on-covid-19---31-august-2021,
accessed on 31 August 2021).

The clinical interest recently shifted from the acute to the chronic COVID-19 phase
which is causing additional disease management issues. Indeed, a proportion of COVID-19
survivors fail to revert to their preexisting condition and report persistent debilitating symp-
toms likened to CFS several months after COVID-19 acute infection resolution [172–174].
This chronic post-viral syndrome has been termed as “long-COVID” or “post-acute COVID-
19 syndrome” and has been reported to affect patients irrespective of the severity of the
acute infection [175]. However, it should be noted that the term “long-COVID”, although
widely used now, is still poorly defined, as multiple entities beyond chronic fatigue are
included, thus raising questions about the conclusiveness of studies on long-COVID. In
this respect, basic research on the underlying molecular and cellular mechanisms can be of
great help in defining more about post-COVID-19 and ME/CFS symptoms relationship.
Estimates of long-COVID vary widely based on the timing of follow-up. One study reports
that nearly 90% of 143 patients experienced at least one symptom, in particular fatigue
and dyspnea, two months after acute infection recovery [176]. The percentage of patients
with persistent symptoms at nine months follow-up was reported to have dropped to 30%,
according to a longitudinal prospective cohort study also including outpatients with mild
acute disease course, with fatigue, loss of smell and taste and, “brain fog” being among the
most common referred complaints [177].

With a wide array of symptoms centered around fatigue, brain fog, diffuse myalgia,
non-restorative sleep, and depressive symptoms, long-COVID resembles ME/CFS, which is
frequently associated with viral infections [178,179]. Interestingly, clusters of ME/CFS-like
symptoms have been observed following other coronavirus outbreaks, including SARS in
2001 and MERS in 2012 [180]. Reduced quality of life and persistent pain and fatigue were
reported at 6 months after hospital discharge in 30% of SARS and MERS survivors [181].
Besides this, one study reported that 27% of SARS survivors met the criteria for ME/CFS
41 months after infection [182]. Moreover, in a recent meta-analysis of post-infectious
symptoms following SARS and MERS, fatigue was the most debilitating symptom in 19.3%
of patients up to 39 months after infection resolution [183].

The prevalence and duration of long-COVID symptoms resembling ME/CFS are still
under investigation and there are some uncertainties because of heterogeneous patient
populations, follow-up duration, and inclusion criteria [184]. Only a few studies so far
have applied ME/CFS diagnostic criteria. A retrospective analysis reported that 85.3%
of 231 COVID-19 survivors gathered from the Genome Database of Latvian Population
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national biobank reached the threshold for ME/CFS diagnosis, with three or more long-
term ME/CFS-like symptoms persisting at 6 months follow-up [185]. A single-center
prospective longitudinal study found that only 13% of 130 patients with moderate-to-
severe COVID-19 pneumonia met the criteria for ME/CFS 6 months after discharge [186].
In a small, single-center pilot study, ME/CFS-like features were found in 27% of 37 COVID-
19 survivors, six months after recovery, with no difference in clinical inflammation, lung
function, serum neurofilament light chain (a biomarker of axonal damage), and objective
cognitive testing when comparing patients with versus without ME/CFS-like features [187].
Another study found that 14.2% of 120 COVID-19 survivors met the ME/CFS diagnostic
criteria 6 months after infection onset [188]. A case series described ME/CFS-like patterns
after COVID-19 infection resolution in three adolescents and young adults 6 months after
recovery [189].

Despite the similarities between the symptoms of long-COVID patients and ME/CFS,
further evidence is required to list COVID-19 among the infections associated with ME/CFS.
Last, additional investigations with longer follow-ups, more uniform criteria for ME/CFS
diagnosis, including both in- and outpatients with infections of different severity and a
control group of people affected by other infections are required to better characterize risk
factors, prevalence, and progression of long-COVID ME/CFS-like features, and to design
specific interventions and treatments.

4. Discussion

Altogether, the insights presented show that ME/CFS is a complex systemic disease
that affects many organs. By reviewing the most important pathways and systems asso-
ciated with disease pathogenesis and symptoms, our review encourages to account for
ME/CFS as a multifactorial disease that cannot be diagnosed or treated appropriately if it
is not considered in its entirety. Consequently, any diagnostic method based on blood tests
or biomarkers needs to take into account disease heterogeneity and complexity. Moreover,
inter-individual variability in ME/CFS manifestations is striking and should be considered
when developing novel therapeutic tools. Personalized and tailored approaches should be
preferred to a one-size-fits-all therapy in this respect, but much remains to be elucidated to
define specific patient subgroups.

Although more studies are urgently needed, our summary provides a general overview
that can be useful to provide a better understanding of ME/CFS pathogenesis and to find
new diagnostic/therapeutic opportunities for a disease that, although strongly debilitating,
is still largely unexplored.
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Abstract: Background: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a long-
term disabling illness accompanied by fatigue unsolved by rest. However, ME/CFS is a poorly
understood illness that lacks a universally accepted pathophysiology and treatment. A lack of
CFS-related studies have been conducted in Asian countries. This study aimed to estimate and
compare the prevalence of ME/CFS in Korea and Japan and conducted a meta-analysis. Methods:
We searched PubMed, EMBASE, Cochrane, and KMBASE for population-based prevalence studies of
the two countries and synthesized the data according to the Fukuda case definition. Results: Of the
eight studies (five in Korea, three in Japan) included, the total prevalence rate of Korean studies was
0.77% (95% CI 0.34–1.76), and 0.76% (95% CI 0.46–1.25) for the Japanese studies. The prevalence rate
in females was approximately two-fold higher than males in Korean studies (1.31% female vs. 0.60%
male), while the gender difference was less obvious in Japanese studies (0.76% female vs. 0.65%
male). Conclusions: Further epidemiology studies on the female ME/CFS prevalence rate between
countries may be required.

Keywords: chronic fatigue syndrome; CFS; ME/CFS; prevalence; Korea and Japan; meta-analysis

1. Introduction

Fatigue is a common complaint in both the general population and people with dis-
orders [1]. Fatigue generally disappears after rest or treatment; however, uncontrolled
chronic fatigue, particularly when lacking a medical explanation, substantially impairs
health-related quality of life [2]. Among fatigue-related disorders, chronic fatigue syn-
drome (CFS) is the most debilitating, resulting in unemployment in half of the affected
patients and a seven-fold higher risk of suicide compared to healthy subjects [3]. Until
recently, there has been trivialization of CFS, with a debate on the origin of the illness
(psychological vs. neurological) [4]. Currently, the Institute of Medicine (IOM) in the U.S.
defines CFS as a complex multisystem neurological disorder [5].

The CFS prevalence may vary depending on country, ethnicity, sex, age, and especially
diagnostic criteria [6]. To date, the prevalence of CFS has been found to be approximately
0.9%, and there are 1.5 to 2 times more women than men affected by CFS worldwide [7].
Most CFS-related studies have been conducted in the United States and United Kingdom,
and the prevalence in Asian populations is uncertain due to the lack of studies. Korea
and Japan are located near each other, but their ethnicities differ, and some epidemiologic
differences in diseases have been reported between the two countries [8].

In order to expand the demographic knowledge of CFS, we sought to estimate and
compare the prevalence of CFS in the Korean and Japanese populations.
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2. Methods

2.1. Data Sources and Keywords

Using a domestic database (KMBASE, https://kmbase.medric.or.kr/ (accessed on
4 January 2021)) and three international databases (PubMed, EMBASE, Cochrane), we
searched for publications reporting the prevalence of CFS in Japan and Korea and then
performed a meta-analysis. The search term was “[[Chronic fatigue syndrome [MeSH
term] AND Prevalence] AND [Japan OR Korea]]” and included studies published between
January 1994 and January 2021 due to the Fukuda case definition, which was developed in
1994. All references listed in any included study were also then searched to identify titles
matching our study question.

2.2. Eligibility and Exclusion Criteria

Papers were initially assessed according to the inclusion criteria. After reading the
title and abstract, full articles that met the criteria were thoroughly read and screened
by the exclusion criteria. The inclusion criteria were a population-based clinical study,
and a prevalence study of ME/CFS in Japan and Korea. For consistency of the data, we
included studies used only the Fukuda criteria (also known as CDC-1994 criteria). The
exclusion criteria were nonclinical-based studies, randomized controlled studies, and
studies focusing on clinical features or biological aspects of ME/CFS (Figure 1).

 

Figure 1. Flow chart for selection of articles.

2.3. Review Process

Two authors searched databases and selected the eligible articles according to the
above criteria. The prevalence rate by country, the number of participants and patients,
and their gender were collected from the selected articles. The final decision in extracting
the data was made based upon the consensus of the two authors.
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2.4. Statistical Analysis

The number of participants and ME/CFS patients from the included articles were
organized to compare Korea vs. Japan and male vs. female to estimate the number of
populations and the prevalence. A meta-analysis using the random effects model by the
Comprehensive Meta Analysis (CMA) program was conducted to estimate heterogeneity
of the data.

3. Results

3.1. Study Characteristics

In total, eight studies, five in Korea [9–13] and three in Japan [14–16] were included,
which involved a total of 72,669 participants (6319 Korean and 66,350 Japanese). The
sex ratios (male vs. female) of participants were very similar in both Korean studies
(52% vs. 48%) and Japanese studies (50% vs. 50%), but the average number of participants
was much higher in studies of Japanese (22,365 ± 37,369) than Korean (1264 ± 496). The
mean age of participants was younger in Korean studies (30.3 ± 11.9 years) than Japanese
(46.7 ± 10.4 years) (Table 1).

Table 1. Characteristics of the studies reporting the prevalence of ME/CFS in Korea and Japan.

Group Korea Japan Total

Number of studies included (%) 5 (63) 3 (37) 8 (100)
Community 2 (25) 2 (25) 4 (50)
Primary care 3 (38) 1 (12) 4 (50)

Total number of participants 6319 66,350 72,669
(Average ± SD) (1264 ± 496) (22,365 ± 37,369) (9173 ± 22,766)
Number of participants Male/Female 3276/3043 33,177/33,173 36,453/36,216
(male: female Ratio %) (52:48) (50:50) (50:50)
Mean age of participants ± 30.3 ± 11.9 46.7 ± 10.4 38.5 ± 14.9

Year of publication (N. of participants)
1994–2000 2 (2056) 2 (64,920) 4 (66,976)
2001–2010 3 (4263) 3 (4263)
2011–2018 1 (1430) 1 (1430)

Diagnostic method
Interview (medical test −) 2 (2615) 2 (64,920) 4 (67,535)
Interview (medical test +) 3 (3704) 1 (1430) 4 (5134)

± Estimated from either the reported mean age for each gender or the mean age of both sexes. The age of children and adolescents
was excluded.

3.2. CFS Prevalence

From the results of the meta-analysis, the overall prevalence rate of CFS in the Korean
studies was 0.77% (95% CI 0.34–1.76), being slightly higher than the 0.76% reported in the
Japanese studies (95% CI 0.46–1.25) (Figure 2). As expected, there was an approximately
two-fold female predominance (1.31% female vs. 0.60% male) in Korean studies, while this
sex difference was less obvious in Japanese studies, with 0.76% female and 0.65% male
(Figures 3 and 4).
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Figure 2. Meta-analysis of the ME/CFS total prevalence in Korea (A) and Japan (B).

Figure 3. Meta-analysis of the ME/CFS prevalence in males in Korea (A) and Japan (B).
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Figure 4. Meta-analysis of the ME/CFS prevalence in females in Korea (A) and Japan (B).

4. Discussion

As we expected, the prevalence rate in Korea (0.77%) and Japan (0.76%) of CFS was
similar to those already reported worldwide (approximately 1%) [17]. We previously
reported that CFS prevalence could be strongly affected by the diagnostic method or case
definition used; the difference between using the Fukuda (CDC-1994) and Holmes (CDC-
1988) criteria yielded rates of 0.89% vs. 0.17%, respectively [6]. In the present analysis,
all the included eight studies used the Fukuda criteria. The Fukuda criteria relies on the
presence of four or more of the eight main symptoms [18], which are the most commonly
used criteria for the diagnosis of CFS in clinics including clinical trials [19].

All eight studies used interviews as the diagnostic method, and four studies addition-
ally conducted or included the results of medical tests according to CDC-1994 guideline [18],
three of the five Korean studies [9–11] and one of the three Japanese studies [16]. This
means that Korean studies applied stricter criteria for the diagnosis of CFS than Japanese
studies, which can be considered as leading to a reduction in the CFS prevalence rate
of Korean data. However, in this study, we found the prevalence rates in Korea (0.77%,
95% CI 0.34–1.76) and Japan (0.76%, 95% CI 0.46–1.25) were very similar. This result is
somewhat different from our previous meta-analysis for global CFS prevalence; we found
the slight difference in the prevalence rate depends on the diagnostic methods, for ex-
ample: diagnosed by primarily interview (1.14%) vs. interview conducted with medical
tests (0.95%) [6]. This might tell the fact that inclusion of medical tests for CFS diagno-
sis may not have much of an impact on the overall prevalence rate. Lim et al.’s study
included a total of 28 studies (interviews, 19 studies, vs. interviews with medical tests, nine
studies) [6], whereas only eight (four vs. four, respectively) were included in this study
(Table 1). Additionally, the prevalence rate among the studies using the same diagnostic
method, that is with medical tests of the primary care participants, showed widely varied
prevalence rates (ex, 0.61% Kim CH 2005 vs. 2.03% Ji JD 2000) between the studies [10,11].
In addition to the diagnostic method, race as a factor is another important aspect of CFS
prevalence. This study shows that the meta-analysis results of each study in Korea and
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Japan were widely varied, ranging from 0.06% to 1.46% for the subjects diagnosed by
interview (four studies), and 0.61% to 1.89% (four studies) for interviews with medical
tests. We compared these results to the studies of Western countries (mainly the UK and
USA), using CDC-1994 and an adult general population recruited from both primary care
and community settings. Those results ranged from 0.23% to 2.74% (five studies) and 0.42%
to 2.62% (six studies), which indicates a somewhat higher prevalence than in Korea and
Japan [6]. Being the female gender is a well-known predisposing factor of CFS [20], and an
approximate two-fold female predominance of CFS was observed in Korean studies, while
this female predominance was very low in Japanese studies (0.76% female and 0.65% male).
We could anticipate that the large difference in CFS prevalence in females between Korea
and Japan (1.31% vs. 0.76%) might be due to genetic and/or social factors. Comparative
studies have reported slightly higher prevalence rates of four noncommunicable diseases
in Korea than Japan, including hypertension (17.6% in Korea vs. 15.2% in Japan), diabetes
(5.7% vs. 4.8%), hyperlipidemia (9.2% vs. 6.9%), and angina pectoris, and their general
risk factors (1.7% vs. 1.5%). However, the sex-related risk was different according to the
disease; for example, the male-to-female odds ratio was 0.88 in Korea vs. 0.64 in Japan for
hypertension but 1.05 vs. 1.39 for diabetes [21].

The present study has some limitations: the original epidemiologic studies included
were outdated (conducted 10 to 25 years ago) using the CDC-1994 case definition, and the
average sample size, especially in Korean studies, was relatively small (1264 ± 496). One
Japanese study was performed on a large scale (65,500 participants) [14], but the other two
studies (1430 and 147 participants) were small. The results of a large gender difference are
limited to Korea and Japan in this study, which should not be generalized to world data.

Despite those limitations, we systematically estimated the overall prevalence rate of
CFS in Korea and Japan and identified differences. This information would be helpful for
epidemiological research on CFS in the future. Further studies may be required on the
rationales for the genetic and social factors that cause the gender difference in prevalence
rate of CFS between Korea and Japan. Moreover, investigation of the prevalence rate using
updated case definitions may also be needed.
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Abstract: Background: The diagnosis of myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS) is problematic due to the lack of established objective measurements. Postexertional malaise
(PEM) is a hallmark of ME/CFS, and the two-day cardiopulmonary exercise test (CPET) has been
tested as a tool to assess functional impairment in ME/CFS patients. This study aimed to estimate the
potential of the CPET. Methods: We reviewed studies of the two-day CPET and meta-analyzed the
differences between ME/CFS patients and controls regarding four parameters: volume of oxygen
consumption and level of workload at peak (VO2peak, Workloadpeak) and at ventilatory threshold
(VO2@VT, Workload@VT). Results: The overall mean values of all parameters were lower on the
2nd day of the CPET than the 1st in ME/CFS patients, while it increased in the controls. From the
meta-analysis, the difference between patients and controls was highly significant at Workload@VT
(overall mean: −10.8 at Test 1 vs. −33.0 at Test 2, p < 0.05), which may reflect present the functional
impairment associated with PEM. Conclusions: Our results show the potential of the two-day
CPET to serve as an objective assessment of PEM in ME/CFS patients. Further clinical trials are
required to validate this tool compared to other fatigue-inducing disorders, including depression,
using well-designed large-scale studies.

Keywords: cardiopulmonary exercise test; chronic fatigue syndrome; myalgic encephalomyelitis;
postexertional malaise

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating multisystem
disease that affects more than 20 million people of all ages and races worldwide [1,2]. The core symptoms
are severe fatigue, unrefreshing sleep, postexertional malaise (PEM), and cognitive dysfunction for
more than 6 months [3]. Approximately 30% of the patients are housebound, and 50% are unable to
work full time [4]. Despite the seriousness of the illness, ME/CFS has no established pathophysiology or
diagnostic tests yet [4]. Moreover, the diagnosis of ME/CFS is often confused with other fatigue-related
or comorbid illnesses (e.g., depression) due to the overlapping symptoms [5].

Although the clinical presentation of ME/CFS can be ambiguous, a 2015 report by the Institute
of Medicine (IOM) states that PEM is a hallmark of this disease and helps distinguish it from other
conditions [3]. PEM consists of exertional intolerance and worsening of symptoms following minor
physical or cognitive exertion, which can be severe enough to leave the patients bedridden [6,7].
Studies on the prevalence of PEM in ME/CFS reported that more than 80% of all ME/CFS patients had
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experienced this symptom at some point in their illness [8,9]. The underlying pathophysiology of PEM
is not clearly understood, but researchers have adapted the two-day cardiopulmonary exercise test
(CPET) as a strategy for objectively measuring PEM [3,10–12].

The CPET was developed as a tool to measure the functional capacity of the body through analysis
of gas exchange (e.g., oxygen, and carbon dioxide) during exercise for athletes and people with cardiac,
pulmonary, vascular, and metabolic disorders [13]. In general, the CPET is performed on a single day
for the above purposes; however, the two-day CPET has received attention particularly for ME/CFS
since 2007 [10]. It can assess recovery capacity using two exercise tests administered 24 h apart [14].
A number of one-day CPET studies reported a lack of significant differences between ME/CFS patients
and controls [15–18]; however, significantly different responses were observed in the 2nd test of the
two-day CPET [10,19,20]. This may indicate impaired recovery, reduced energy production, and likely
PEM in ME/CFS patients [14]. Multiple studies have reported an association with mitochondrial
dysfunction as a potential pathophysiology in ME/CFS patients [21,22].

A previous review study assessed one parameter (the volume of oxygen consumption at peak,
VO2peak) between ME/CFS patients and controls by combining the two different tests (one-day and
two-day CPET studies) [23]. However, considering the possible differences in the results of one-day
and two-day CPET, two-day CPET data may need to be analyzed separately in various parameters.

Therefore, we meta-analyzed the parameters of VO2 and workload both at peak (VO2peak,
Workloadpeak) and at ventilatory threshold (VO2@VT, Workload@VT) in two-day CPET studies to
assess the potential use of this test as a diagnostic tool for ME/CFS.

2. Methods

2.1. Search Strategy, Inclusion and Exclusion Criteria

We conducted a systematic search in five public databases and two search sources: PubMed,
the Cochrane Library, the Cumulative Index to Nursing and Allied Health Literature (CINAHL),
Medline, Google Scholar, a hand search, and the reference lists of the included studies. The search
was conducted from February to June 2020. The search keywords were ‘Chronic fatigue syndrome’
[MeSH terms] AND ‘cardiopulmonary exercise test’ or ‘CEPT’ [MeSH terms]. For the Google Scholar
search in particular, we restricted the search criteria to reduce the initial abundant numbers and selected
the studies not searched by PubMed. Papers were screened using the following inclusion criteria:
(a) studies of cross-sectional, case–control, prospective studies that conducted the CPET to measure
diagnostic parameters for ME/CFS, (b) two-day CPET with the two sessions conducted 24 h apart,
(c) studies that measured the four parameters (VO2peak, Workloadpeak, VO2@VT, and Workload@VT)
for the test. The exclusion criteria were as follows: (a) non clinical-based studies, (b) studies for
other than ME/CFS, and studies with (c) single CPET, (d) no controls and that failed to state the four
parameter values, (e) less than 5 participants, (f) studies that measured other than the four parameters.
The search and data extraction were performed by E-J. L. and C-G. S., and any disagreements were
resolved by discussions.

2.2. Data Extraction and Outcome Measures

The main features of the studies were extracted and compiled including; authors, year of
publication, and the number of participants, the age and body mass index (BMI) of the participants,
and the methodology of selecting the participants (Table 1). The primary outcome measures were the
four parameters: VO2peak, Workloadpeak, VO2@VT, and Workload@VT. These parameters are involved
in measuring activity limitations of ME/CFS patients [24]. These are defined as follows: (1) VO2peak is
the highest value of oxygen uptake obtained during the exercise. (2) VO2 at ventilatory threshold (VT)
is the volume of oxygen at VT, which is the point which ventilation starts to increase at a faster rate
than oxygen consumption. (3) Workloadpeak is the power output produced by the participant at peak.
(4) Workload@VT is the level of power output produced at VT [11,14].
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2.3. Statistical Analysis

We calculated the mean difference and meta-analyzed the four parameters of ME/CFS patients
and controls as of Testes 1 and 2 (Tables 2–4). The four parameters was estimated with a random-effects
model to account for the heterogeneity of the data, and we compared the I2 and significance (p values)
of those groups. I2 higher than 50% is considered substantially heterogeneous [25]. A forest plot was
used to show the estimated overall mean number of the parameters, and p value < 0.05 is considered
significant. The data were analyzed using the meta-analysis program version 5.3 Review Manager
(The Cochrane Collaboration, Oxford, UK) [26].

2.4. Assessment of Quality of Studies

The quality of studies included was assessed according to the Newcastle Ottawa Scale (NOS)
guideline for case-control studies, which judges studies on the following perspectives: selection of the
groups, the comparability of the groups, and the ascertainment of exposure [27] (Table 1).

3. Results

3.1. Characteristics of Included Studies

In total, 218 studies were initially selected as candidates for this meta-analysis; ultimately, 5 studies
were included (Figure 1). All studies used the same study protocol (an incremental cycling protocol
with an interval of 24 h) and case definition (Fukuda) for inclusion of participants. Two studies
additionally used the International Consensus Criteria (ICC) [28] and/or the Canadian Consensus
Criteria (CCC) [6]. The total number of participants across the five studies was 98 ME/CFS patients
(90 female and 8 male) and 51 controls (45 female and 6 male). The total mean age and BMI of the
participants were comparable between the patient and control groups (Table 1).

Figure 1. Flow chart of the study selection process.
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3.2. Comparisons of the Four Parameters

The four parameters as of Test 1 and Test 2, as well as their differences between sessions,
are summarized in Table 2. From Test 1 to Test 2, all four measures (VO2peak, VO2@VT, Workloadpeak,
and Workload@VT) increased in the control group but decreased in the patient group. Among the four
parameters, the Workload@VT of the patient group showed an especially marked decrease on Test 2
compared to Test 1, with a difference (Test 2–Test 1) of −14.6 in patients and +6.5 in controls (Table 2).

3.3. Outcomes of Meta-Analysis

From the meta-analysis, we evaluated the differences in parameters from Test 2 to Test 1 in ME/CFS
patients compared to the control group (Figure 2). The values of all four parameters increased as
of the 2nd test (Test 2) in the control group, while ME/CFS patients showed notable decreases in all
parameters at Test 2 (Figure 2, Tables 2 and 3).

Figure 2. Meta analyzed overall mean differences of the four parameters (A-D) from the scores of the
two-day CPET (test 2–test 1) for the ME/CFS (Myalgic encephalomyelitis/chronic fatigue syndrome)
patients and controls: (A). VO2peak, (B). VO2@VT, (C). Workloadpeak, (D). Workload@VT. p, p value.
Refer to Table 3 for details.
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In general, the differences between patients and controls were greater at VT than at peak and
greater for workload than for VO2 (Figures 2 and 3). From the meta-analysis focused on the difference
between Test 2–Test 1 (using the data from patients and controls), Workload@VT showed the most
notable significant difference (p < 0.05) (Figures 2 and 3).

Figure 3. Meta analyzed overall mean differences of the four parameters (A-D) from the scores
of the ME/CFS patients—controls for the two-day CPET 1 and 2: (A). VO2peak, (B). VO2@VT, (C).
Workloadpeak, (D). Workload@VT. p, p value. Refer to Table 4 for details.

4. Discussion

From our meta-analysis of five studies of two-day CPET, we identified the following three key
features. First, ME/CFS patients appeared to have lower levels of all parameters than controls, especially
on Test 2. Second, on Test 2, the difference between the patients and controls was observed to be larger
at VT than at peak. Third, on a more specific level, Workload@VT was notably different between the
two tests and between the two groups (Figures 2 and 3, Tables 2–4). These data may indicate the
potential of Workload@VT value as an objective measurement in ME/CFS.

The reduced levels of parameters in the ME/CFS patient group on Test 2 shows that they
failed to reproduce their work capacity from Test 1 [19]. Such reduced work capacity in general is
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likely linked to a lack of cellular adenosine triphosphate (ATP) production, which normally occurs
through aerobic and anaerobic metabolism [31]. Imbalanced ATP production can be caused by
functional impairment of mitochondria in patients with ME/CFS [32]. Studies have reported conflicted
results regarding mitochondrial impairment; some have provided evidence of actual mitochondrial
dysfunction affecting oxidative phosphorylation [21,33], while other studies found no abnormal
indicators of altered mitochondrial function or mitochondrial DNA mutation [19,34,35]. In fact, a
number of researchers suggested a possible problem in the pathway of oxygen or glucose transportation
into the cells, which may inhibit the function of mitochondria in ME/CFS patients [10,19,29,30,35,36].
The hypothesized factors inhibiting mitochondria ATP production include viral/bacterial infection [37],
high levels of proinflammatory cytokines [38], reactive oxygen species (ROS) [39], and decreased
levels of enzymes (such as pyruvate dehydrogenase, PDH) needed in the process of aerobic cellular
respiration [40].

Lower work capacity on Test 2 than on Test 1 seems to be a unique feature of ME/CFS and is
indicated as a cardinal feature for the diagnosis of PEM [3]. Patients with lung, heart, or kidney diseases
presented no significant differences between Tests 1 and 2 in repeated CPETs [41–43]. Moreover,
patients with other fatigue-inducing conditions such as multiple sclerosis (MS) and positive human
immunodeficiency virus (HIV) status showed improved Workload@VT values on Test 2, in contrast
to ME/CFS patients [30,44]. The present meta-analysis consists exclusively of data from studies
containing control groups. Several other studies, despite having no control groups with larger patient
group [45,46], and male ME/CFS patient group [46], produced similar outcomes, with ME/CFS patients’
lower values of Workload@VT on Test 2 than on Test 1.

Although mitochondria-associated alterations have been observed, the underlying
pathophysiology of PEM has not been explored in detail. Most recently, several groups have investigated
metabolic changes in ME/CFS patients with PEM [12,47]. Naviaux et al. found reduced concentrations
of specific metabolites in the plasma of 45 ME/CFS patients [47]. McGregor et al. also found altered
glycolysis, a low level of acetate, and a positive correlation between urine metabolites and the severity
of PEM [12]. These metabolite-based findings have been applied to the development of diagnostic tools.
The metabolic response showed high validity in a diagnostic test for ME/CFS, achieving accuracy of over
95% [47]. Esfandyarpour et al. demonstrated the use of a nanoneedle to measure a metabolite-based
biomarker from a small volume of blood in ME/CFS patients [48]. The present data might support a link
between PEM symptom and alterations in metabolism and mitochondrial ATP production in ME/CFS.

5. Conclusions

The meta-analysis indicates a significant alteration of workload at VT especially on the 2nd
day of CPET in ME/CFS patients. Accordingly, the two-day CPET could be considered as one of
the potential objective assessment tools for PEM in ME/CFS patients. The present study may be of
value in suggesting a direction for the development of ME/CFS diagnostic tools. However, we should
consider the limitations of this study, the relatively small number of participants and the studies
included. Additionally, the absence of percent predicted values for different genders should also be
noted as another weak point of this study. For further studies, the following should be cautiously
considered: the selection of the participants using appropriate diagnostic criteria, the severity of
symptoms, the comparison of males and females, and the comparison with other fatigue-inducing
disorders. Studies at larger scales with more rigorous methodology are needed.
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Abstract: Background: Due to its unknown etiology, the objective diagnosis and therapeutics of
chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) are still challenging. Generally,
the patient-reported outcome (PRO) is the major strategy driving treatment response because the
patient is the most important judge of whether changes are meaningful. Methods: In order to
determine the overall characteristics of the main outcome measurement applied in clinical trials
for CFS/ME, we systematically surveyed the literature using two electronic databases, PubMed
and the Cochrane Library, throughout June 2020. We analyzed randomized controlled trials (RCTs)
for CFS/ME focusing especially on main measurements. Results: Fifty-two RCTs out of a total
540 searched were selected according to eligibility criteria. Thirty-one RCTs (59.6%) used single
primary outcome and others adapted ≥2 kinds of measurements. In total, 15 PRO-derived tools
were adapted (50 RCTs; 96.2%) along with two behavioral measurements for adolescents (4 RCTs;
7.7%). The 36-item Short Form Health Survey (SF-36; 16 RCTs), Checklist Individual Strength (CIS;
14 RCTs), and Chalder Fatigue Questionnaire (CFQ; 11 RCTs) were most frequently used as the
main outcomes. Since the first RCT in 1996, Clinical Global Impression (CGI) and SF-36 have been
dominantly used each in the first and following decade (26.1% and 28.6%, respectively), while both
CIS and Multidimensional Fatigue Inventory (MFI) have been the preferred instruments (21.4% each)
in recent years (2016 to 2020). Conclusions: This review comprehensively provides the choice pattern
of the assessment tools for interventions in RCTs for CFS/ME. Our data would be helpful practically
in the design of clinical studies for CFS/ME-related therapeutic development.

Keywords: chronic fatigue syndrome; myalgic encephalomyelitis; RCT; measurement

1. Introduction

Chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) is a debilitating disease
characterized by medically unexplained chronic severe fatigue for at least 6 months along with
key symptoms such as unrefreshing sleep, postexertion malaise (PEM), impairments in memory or
concentration, and/or orthostatic intolerance [1]. The daily lives of patients are heavily impeded,
which leads to unemployment for approximately half of patients and being home- or bed-bound for
one quarter [2]. The prevalence of CFS/ME is suggested to be approximately 1–2% worldwide [3],
and the annual economic cost for medical care is estimated to be up to USD 10,000 per patient in the
US [4].
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Although various etiologies of CFS/ME, such as autonomic and neurological dysfunction,
abnormalities in mitochondrial function, and aberrant gut microbiota, have been hypothesized,
they have not yet been clearly revealed [5]. Recently, this disease has become considered a multisystem
neuroimmune disease [1]. To date, various randomized controlled trials (RCTs) for therapeutics
have been conducted; however, no effective therapy for CFS/ME exists [6]. Recently, the PACE trial,
a large-scale clinical study of cognitive behavior therapy (CBT) and graded-exercise therapy (GET),
was reported to be effective for CFS/ME [7]. There is however a fair amount of controversy surrounding
this PACE trial, likely due to the debates regarding its efficacy and criticisms by researchers and
patients due to judgments of restoration as well as side effects [8].

On the other hand, the absence of objective biomarkers of CFS/ME raises a problem for the actual
diagnosis of this illness. In addition, clinical evaluations of treatment responses are also dependent on
self-reported assessments of symptom severity, leading to potential trouble during the investigation
of new therapeutics [9]. Accordingly, methodologically well-designed tools to assess the valuable
responses of treatments for CFS/ME are very important. To date, diverse patient-reported outcome (PRO)
measurements have been developed and used to assess fatigue status in clinics, such as the Checklist
Individual Strength (CIS) scale, Chalder Fatigue Questionnaire (CFQ), and Multidimensional Fatigue
Inventory (MFI) [10–12]. Many clinical studies, however, have adopted various fatigue-nonspecific
instruments, including the 36-item Short Form Health Survey (SF-36), Clinical Global Impression
(CGI), and Sickness Impact Profile-8 (SIP-8) [13–15]. In fact, researchers need to carefully review the
available measurements and choose the most optimized one for the purpose of their own clinical
studies. However, it is not easy for researchers to choose the appropriate measurement instruments for
CFS/ME-related studies due to the absence of well-established international guidelines.

To identify the assessment tools that help in the clinical study process for CFS/ME,
we comprehensively reviewed the primary measurements used in RCTs and determined changes in
the use of these measurements.

2. Methods

2.1. Data Sources and Search Terms

In accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines [16], a systematic literature survey was performed using two electronic
literature databases, PubMed and the Cochrane Library, throughout June 2020. The search terms
were encephalomyelitis/chronic fatigue syndrome, ME/CFS, encephalomyelitis, ME, chronic fatigue
syndrome, CFS, randomized controlled trial, RCT, and clinical trial. The trial type was limited to RCTs,
and all languages were included.

2.2. Eligibility Criteria

Selected articles for this study were determined by the following inclusion criteria: (1) RCTs or
randomized controlled crossover trials, (2) patients with CFS/ME as participants, (3) an evaluation of
the efficacy of the intervention for CFS/ME treatment, and (4) fatigue-related measurement or outcome.
The exclusion criteria were as follows: (1) articles with no full text and (2) studies without mention of
the primary or main outcome. We did not have a criterion based on the number of participants in RCTs.

2.3. Data Extraction and Analysis

We extracted data on general features of RCTs, such as the number of participants, age, intervention,
and treatment period, along with the primary outcome measurement instrument (subscales, items,
range of scores, versions, and application of cutoff scores for recruitment).

As a descriptive analysis, this study did not need to apply statistical analyses. Regarding the
treatment period, the mean and standard deviation (SD) are presented.
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3. Results

3.1. General Characteristics of RCTs

A total of 540 articles were initially identified from the PubMed and Cochran databases,
and 52 articles met the inclusion criteria for this study (Figure 1). Forty-eight RCTs (92.3%) were
performed with adult patients (n = 5872), while 4 RCTs (7.7%) were performed with adolescent
subjects (n = 387). Twenty-six RCTs evaluated the efficacy of pharmacologic interventions, and 27 RCTs
were conducted to evaluate nonpharmacologic interventions. The mean treatment period was
15.0 ± 9.3 weeks (Table 1).

 

Figure 1. Flow chart of the study.

In terms of the number of primary outcomes in RCTs, 31 RCTs (59.6%) used a single primary
outcome (29 RCTs with adults and 2 RCTs with adolescents). Fifteen RCTs (28.8%) adopted two kinds
of main measurements (with adult patients), while six RCTs (11.5%) used three kinds of measurements
(four RCTs with adults and two with adolescents) as a primary outcome (Table 1).
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Table 1. Study characteristics.

Items Adults Adolescents Total

A Total RCT (%) 48 (92.3) 4 (7.7) 52 (100.0)
N. of participants (female) 5872 (4437) 387 (302) 6259 (4739)

Treatment period (mean weeks) 14.1 ± 8.2 25.3 ± 16.4 15.0 ± 9.3
RCT for pharmaceutical intervention (%) 25 (96.2) 1 (3.8) B 26 (100.0)

RCT for nonpharmaceutical intervention (%) 24 (88.9) 3 (11.1) B 27 (100.0)

N. of primary outcomes in RCT (%)

One primary measurement 29 (93.5) 2 (6.5) 31 (100.0)
Two primary measurements 15 (100.0) 0 (0.0) 15 (100.0)

Three primary measurements 4 (66.7) 2 (33.3) 6 (100.0)

Methodological classification of measurement instrument (%)

RCT with behavioral measurement 0 (0.0) 4 (100.0) 4 (100.0)
Kinds of measurement 0 (0.0) 2 (100.0) 2 (100.0)

RCT with survey-based measurement 48 (96.0) 2 (4.0) 50 (100.0)
C Kinds of measurement 14 (93.3) 3 (20.0) 15 (100.0)

Criteria for participant recruitment (%)
D RCT used measurement-based cutoff score 17 (94.4) 1 (5.6) 18 (100.0)

Behavioral score 0 (0.0) 1 (100.0) 1 (100.0)
C Survey-based score 6 (85.7) 2 (28.6) 7 (100.0)

A The detailed information for the whole RCT list is summarized in Supplementary Table S1. B One RCT used both
pharmacologic and nonpharmacologic interventions (fluoxetine + graded exercise therapy). C Some items were
applied multiple times; thus, the total percentage was larger than 100%. D Eighteen RCTs applied a cutoff score for
inclusion criteria.

3.2. Characteristics of Primary Measurements in RCTs

As shown in Figure 2, the 52 RCTs used 17 kinds of methodological instruments, which were
classified into survey-based measurements (15 instruments in 50 RCTs) and behavioral measurements
(two instruments in four RCTs). All RCTs with adults adopted survey-based measurements, while four
RCTs with adolescent patients adopted behavioral (two RCTs) and/or survey-based (two RCTs)
measurements (Table 1).

Among the 17 kinds of instruments, the SF-36 was most frequently used (30.8%), followed by the
CIS (26.9%), CFQ (21.2%), CGI (13.5%), MFI (11.5%), and SIP-8 (11.5%) (Table 2). Twenty-four RCTs
adopted at least one subscale score from these measurement instruments, most commonly the fatigue
severity score of CIS (12 RCTs) or physical function score of SF-36 (10 RCTs) (Table 2). Alternatively,
these instrument-derived scores were applied as cutoff scores for participant inclusion, such as the
fatigue severity score of the CIS (11 RCTs), total score of the SIP-8 (six RCTs), physical function score of
the SF-36 (four RCTs), and total score of the CFQ (four RCTs) (Supplementary Table S1).
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Table 2. Measurement instruments in RCTs.

Scale
N. of RCTs

(%)
Measurement and Structure of Items

Subscale for Primary Outcome
(N. of RCTs) (Reference)

SF-36 16 (30.8) Assess functional impairment in eight areas summarized as
physical and mental function.

Total score (4) [17–20]
Physical function (10) [7,21–29]

Physical + social function (1) [30]
A Mental health summary (1) [31]

CIS 14 (26.9) Covers several aspects of fatigue, such as severity,
concentration, motivation, and physical activity.

Total score (2) [32,33]
Fatigue severity (12)

[17,23,25,28,30,34–40]

CFQ 11 (21.2) Measures fatigue severity with items categorized into physical
and mental fatigue.

Total score (10) [7,21,24,26,27,41–45]
Physical score (1) [46]

CGI 7 (13.5) Provides a global rating of illness severity and improvement
through single Likert scale. Single item score (7) [44,47–52]

MFI 6 (11.5) Evaluates five dimensions of fatigue: general, physical, mental
fatigue, reduced motivation, and reduced activity.

Total score (4) [53–56]
General fatigue (2) [57,58]

SIP-8 6 (11.5)
Measures dysfunction through everyday behavior. Items are

summarized into psychosocial, physical, and independent
dimensions.

Total score (6) [23,25,37–40]

FSS 4 (7.7) Measures the severity of fatigue and its effect on a person’s
activities and lifestyle, with no particular subscales. Total score (4) [53,59–61]

VAS 4 (7.7) Through Likert scale items, assesses subjective characteristics
that cannot be directly measured.

Single item score (2) [33,53]
Fatigue symptom (2) [20,62]

SAR 3 (5.8) Measures overall health status of adolescents with school
attendance rate. Attendance rate (3) [28,36,63]

B APS 2 (3.8) Measures fatigue status through survey designed by authors
of RCT according to 1994 CDC criteria.

Fatigue severity (1) [64]
Symptom checklist (1) [39]

BRIEF-A 1 (2.0)
Evaluates an adult’s executive functions of self-regulation in
everyday environment of patient. Subscales are summarized

in behavioral regulation and metacognition.
Total score (1) [65]

CHQ-CF 1 (2.0)
Measures health-related quality of life for adolescents. Items

are within 9 subscales that focus on neurologic and
psychologic domains.

Physical function (1) [36]

CPRS-15 1 (2.0) Assesses severity of psychiatric symptoms and observed
behavior. Items focus on symptoms of mental disorder. Total score (1) [50]

FIS 1 (2.0)
Measures the symptom of fatigue as part of an underlying

chronic disease or condition. Items are divided into cognitive,
physical, and psychosocial functioning.

Total score (1) [66]

MFS 1 (2.0) Has strength in evaluating psychiatric symptoms with no
subcategorization of 15 items. Total score (1) [47]

N. of
steps 1 (2.0) Evaluates general health status by measuring the number of

steps per day. Number of steps per day (1) [67]

A Mental health summary includes vitality, social function, role function/emotional, and mental health subscales.
B There were 2 kinds of nonestablished measurements which authors of RCTs produced. APS: author-produced scale,
BRIEF-A: Behavior Rating Inventory of Executive Function—Adult version, CFQ: Chalder Fatigue Questionnaire,
CGI: Clinical Global Impression, CHQ-CF: Child Health Questionnaire—Child Form, CIS: Checklist Individual
Strength, CPRS-15: Comprehensive Psychopathological Rating Scale-15, FIS: Fatigue Impact Scale, FSS: Fatigue
Severity Scale, MFI: Multidimensional Fatigue Inventory, MFS: Mental Fatigue Scale, SAR: school attendance rate,
SF-36: 36-item Short Form Health Survey, SIP-8: Sickness Impact Profile-8, VAS: visual analog scale.

3.3. Quinquennial Distribution of Primary Measurements for RCTs

Since the first report of an RCT for CFS/ME using GET in 1997, the number of RCTs has increased,
reaching a maximum from 2011 to 2015 (17 RCTs) (Figure 2). In the earliest decade (1996–2005), the CGI
was dominantly used as a measurement instrument as the primary outcome in RCTs (6 out of 15 RCTs).
During the following decade (2006–2015), the SF-36, CIS, and CFQ were preferred (19 out of 27 RCTs).
In the last 5 years (2016–2020), the CIS and MFI have been frequently employed as primary outcome
measurements (6 out of 10 RCTs) (Figure 2).
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Figure 2. Graphical display for quinquennial distribution of primary measurements.

4. Discussion

In terms of CFS/ME, a symptom-based approach is a key strategy for not only therapy but also
diagnosis because of its unknown etiology [1]. The Centers for Disease Control and Prevention (CDC)
recommended symptomatic treatment based on the case definition of the Institute of Medicine (IOM)
for providing alternative care for patients [68]. The subjective complaints and comprehension of the
PROs are crucial in the diagnostic process as well as in evaluating therapeutic responses in clinical
practice for CFS/ME. To provide practical guidance in choosing a suitable measurement in clinical
studies for CFS/ME, we analyzed the primary outcome measurements in RCTs conducted to date.

Unlike common guidelines recommending single primary outcome measurement in RCTs [69],
21 (40.4%) of the 52 RCTs employed multiple primary measurements (Table 1). This might be due to
the absence of a well-established measurement tool specialized for CFS/ME. Among the 17 tools used
in the 52 RCTs, only two behavioral measurements (school attendance rate and the number of steps
per day) were adopted in four RCTs that enrolled only adolescent participants (Table 1). It is generally
well known that adolescent patients show a poorer school attendance rate than healthy controls [70].
The remaining RCTs (50 RCTs with 15 different tools) employed survey-based PRO measurements,
likely for many subjective symptoms or disorders, including migraine, major depressive disorder,
or anxiety [71–73]. We classified the measurements into two groups: nine nonfatigue specialized tools
employed mainly in an earlier decade (1996 to 2005) and eight fatigue-specialized measurements which
have been dominant since 2016 (Figure 2).

The SF-36, not specialized for fatigue, is the most frequently used measurement based on our data
(16 RCTs) (Table 2). It has been broadly applied for measuring patients’ general health status in reference
to health-related quality of life (HRQOL). It is well recognized that the HRQOL of CFS/ME sufferers is
notoriously poor and has been linked to a 7-fold higher risk of suicide than healthy controls [74,75].
Therefore, the SF-36, especially the physical functioning subscale, was steadily employed as a primary
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measurement until 2015, often supportively combined with other fatigue-specialized measurements
(10 RCTs), such as the CIS or CFQ. Likewise, the SIP-8 score assessing dysfunction of daily behaviors
has been used as part of the primary outcome coupled with fatigue-specialized tools (Supplementary
Table S1).

In regard to fatigue-specialized instruments, the fatigue severity subscale of the CIS and the total
score of the CFQ (11-item version) were dominantly employed (Table 2). Both have been commonly
endorsed for the evaluation of psychometric fatigue status in RCTs for CFS/ME and other disorders,
including rheumatoid arthritis and fibromyalgia [76]. Both instruments assess not only physical but
also mental fatigue status, such as concentration and motivation, and they are known to show a very
high correlation in assessing fatigue severity [77]. In particular, the CFQ was employed mostly in trials
conducted in the UK (9/11 adoptions), while the CIS was preferred in the Netherlands (12/14 adoptions).
On the other hand, the MFI, markedly preferred in recent studies along with the CIS, was originally
developed for assessing multifarious fatigue status in patients with cancer [12]. The MFI was one of
the measures in the Wichita clinical study assessing over 30 kinds of measurements or parameters for
CFS/ME in 2005, and the MFI was proven as a valid measurement [78]. Recently, the MFI was applied
in a large-scale study to explore the cytokine signature that showed a positive correlation between
serum levels of TGF-β and the severity of CFS/ME [79]. Both the MFI and CIS were created by Dutch
researchers and contain 20 nearly identical questionnaire items. However, they have some differences
in measurement method strategies: a maximum of 140 points with 7-point scales on the CIS versus a
maximum of 100 points with 5-point scales on the MFI (Supplementary Table S2). Unlike the CFQ-11,
the MFI and CIS adopt both positive and negative questions and measure PEM-related symptoms such
as “I am tired very quickly or easily”, which is focused on as one of the recently established hallmark
symptoms of CFS/ME [1].

In fact, numerous studies certified the validity and reliability of these commonly used instruments
for CFS/ME, such as the CFQ-11, CIS, and MFI [10,78,80], while some researchers have pointed
out the ceiling effects of these measurements, especially in clinical trials for treatments [81,82].
They are concerned with the possibility that sufferers of CFS/ME tend to report scores close
to maximum, thereby hindering the accurate reflection of treatment response and the baseline
condition. Most measurement tools (including CFS/ME-specific instruments) have non-CFS/ME-specific
questionnaires, such as “I feel tired” or “I feel weak”, which are frequently complained of among
general populations. Accordingly, many trials (most RCTs adopted CIS-based primary outcome) used
cutoff scores in the process of participant inclusion (Supplementary Table S1). On the other hand,
responders to the CFQ-11 will obtain high scores due to comparisons with “usual” or “last well-state”.
Because most CFS patients have experienced many years of the disease with fluctuating symptoms,
assessment methods involving comparisons to “usual” can hardly reflect not only deterioration in
status but also treatment response [2]. Thus, some studies have adopted a modified CFQ-11 as a
10-point Likert scale (from 0 points for healthy conditions to 9 points for the worst status) in RCTs for
drug development related to CFS/ME [41].

Although no confirmative pathophysiology of CFS/ME has been identified, some new findings
have been highlighted, such as aberrant composition of the gut microbiome and altered serotonergic
metabolism within the brain [83,84]. In addition, several studies investigating objective parameters for
diagnostic and severity assessments, including elevated levels of TGF-β and nanoelectronic assays,
have been conducted [79,85]. One group also found a reduction of red blood cell deformability in patients
with CFS/ME [86]. Along with these advances in knowledge, it is necessary that a CFS/ME-specialized
measurement instrument be developed to reflect the clinical severity and treatment response and
objective biomarkers be discovered to ensure CFS/ME.

5. Conclusions

This systematic review provides a comprehensive overview of the choice of primary measurements
in RCTs for CFS/ME to date. Approximately 40% of RCTs applied multiple primary measurements.
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Of the 17 kinds of measurement tools, the SF-36 (nonfatigue specific measurement) had been most
frequently applied through 2015, while two fatigue-specific measurements, the CIS and MFI, have been
frequently employed in recent trials. Our data will be helpful in the practical design of clinical studies
for CFS/ME-related therapeutic development.
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Male vs. Female Differences in Responding to Oxygen–Ozone
Autohemotherapy (O2-O3-AHT) in Patients with Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)
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Abstract: (1) Background: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a
syndrome that has fatigue as its major symptom. Evidence suggests that ozone is able to relieve
ME/CFS-related fatigue in affected patients. (2) Objective: To evaluate whether differences exist
between males and females in ozone therapy outputs in ME/CFS. (3) Methods: In total, 200 patients
previously diagnosed with ME/CFS (mean age 33 ± 13 SD years) underwent treatment with oxygen–
ozone autohemotherapy (O2-O3-AHT). Fatigue was investigated via an FSS 7-scoring questionnaire
before and following 1 month after treatment. (4) Results: The Mann-Whitney test (MW test)
assessed the significance of this difference (H = 13.8041, p = 0.0002), and female patients showed
better outcomes than males. This difference was particularly striking in the youngest age cohort
(14–29 years), and a KW test resulted in H = 7.1609, p = 0.007 for the Δ = 28.3% (males = 3.8,
females = 5.3). (5) Conclusions: When treated with O2-O3-AHT, females respond better than males.

Keywords: ME/CFS; ozone; oxygen–ozone therapy; fatigue; clinical trial

1. The Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) Challenge

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex pathol-
ogy, and was recently reviewed in [1]. ME/CFS must be considered a serious and long-term
syndrome, which is characterized by fatigue and debilitating muscular–skeletal pain, condi-
tions that affect many fundamental aspects of people’s social habits [2–4]. Fatigue is a major
symptom in ME/CFS and its treatment is accounted for in many forerunners in Italy [5–16].
Tirelli et al. performed a study with 82 CFS patients living in northern Italy, showing
that early symptoms occur between 24 and 40 years and that ME/CFS is primarily (3:1)
observed in female subjects [15]. However, ME/CFS diagnosis is particularly burdensome,
as patients with fatigue and other clinical signs are more often misdiagnosed with other
chronic illnesses [17,18]; this is despite official diagnostic criteria for ME/CFS from the
Centers for Disease Control and Prevention, the so-called IOM 2015 Diagnostic Criteria,
having been updated in the CDC’s 1994 guidelines, which can be consulted elsewhere [19].
Fatigue is the leading symptom of ME/CFS, alongside other physical symptoms, such
as headaches, tender lymph nodes, sore throat, poor sleep, poor concentration, reduced
attention or memory, post-exertional malaise, muscular–skeletal pain and polyarthral-
gia, [20–23]. The diagnosis of ME/CFS therefore almost entirely based on fatigue-related
symptoms [24,25].
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The burdensome task to achieve a proper and sound diagnosis affects the therapeutic
approach [26], despite some commendable attempts [5,7,11]; however, ME/CFS remains
a considerable concern for clinics. Promising attempts in treating ME/CFS fatigue with
oxygen–ozone autohemotherapy (O2-O3-AHT) were successfully performed by our group
and others [27–29]. O2-O3-AHT may affect many complex issues in terms of immunity, most
of which characterize the pathogenetic mechanisms causing ME/CFS [30,31]. Interestingly,
ME/CFS might also have an oxidative stress causative pathogenesis [32,33]. This evidence,
linked to the increasing awareness that ozone is able to regulate inflammation by targeting
the oxidative stress signaling [32], thus suggesting several encouraging pieces of evidence
for ME/CFS diagnoses [27], compelled us to treat fatigue in patients with O2-O3-AHT and
investigate whether therapy outputs showed differences between male and female patients.

2. Materials and Methods

2.1. Patient Recruitment

In total, 224 outpatients (mean age from the clinical centers of Pordenone and Gorle
(Bergamo) were enrolled, having met the eligibility criteria agreed for the present study.
Male mean age was 32.04 ± 18.45 SD and female mean age was 29.65 ± 11.54 SD (p = 0.354,
in a Wilcoxon test). Of these patients, 200 entered the study; 19 escaped the study design
because they referred to other therapy centers and were excluded. Five were formally
accepted but never started for family and private reasons. Mean age was 33.08 ± 13.50 SD
years [CI95 = 31.20–34.97], and median age was 33.14 years, comprising 69 men (34.5%) and
131 women. All patients were made aware of the therapy protocol and the use of the data
for research purposes, according the recommendations of the Declaration of Helsinki.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were represented by outpatients referred to our clinical healthcare
who were previously diagnosed with ME/CFS [23,34] and suffering from fatigue. These
patients accepted and signed the informed consent for therapy and allowed for their
data to be shared for research purposes. Exclusion criteria were represented by patients
without ME/CFS, with other chronic and inflammation diseases, such as tumors or other
immunological disorders and those who had taken pharmaceutical drugs in the previous
72 h; other exclusion criteria were those with chronic inflammatory and immune ailments
such as autoimmunity, cancer or chronic inflammatory illness and pregnancy.

2.3. Sample Size

Sample size was calculated to achieve an error range of about 10%. Referring to a
population proportion of 51%, forecast data resulted in a 13.86% error with 50 patients,
whereas there was an error of 9.80% (<10%) with 103 patients; therefore, 200 patients
were within the minimal sample size with p < 0.001. The Cohen d statistics for the
two independent groups, i.e., before O2-O3-AHT and following O2-O3-AHT, were suc-
cessfully implemented (p = 0.004323 or Hedges’ g value). Moreover, Glass’ delta was
p = 0.012444 (p < 0.02).

2.4. Patient Evaluation of Fatigue Symptomatology

An anamnestic interview and complete visitation of about 20–30 min were performed.
Fatigue was the major symptom evaluated in the study as it was able to highlight patients’
overall clinical status in the most sound and reliable manner; this is due to its optimal
performance features, stability over time and scant possibility of being overshadowed by
other minor symptoms. Each patient was asked to respond to a 7-point scoring system,
the Fatigue Severity Scale (FSS), before undergoing therapy and one month following
therapy [35,36]. Results were collected as scores and statistically evaluated.
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2.5. Patients’ Treatment with Oxygen–Ozone Autohemotherapy (O2-O3-AHT)

Patients underwent no fewer than two weekly sessions of major oxygen–ozone au-
tohemotherapy, according to the protocol previously assessed by the Italian Society of
Oxygen–Ozone Therapy (SIOOT) [27]. Briefly speaking, each patient underwent a treat-
ment option requiring an ozone generator, compressed oxygen as a medical grade, a
venipuncture syringe and a certified bag with an intravenous cannula for ozone therapy
via autohemotherapy. A maximal volume of 200 mL of blood was usually withdrawn from
each patient and collected in a CE-certified SANO3 bag, with automatic gentle mixing
then immediately treated with 45 μg/mL of an O3 mixture in O2 (Multioxygen Medical
95 CPS, Gorle, Italy). This was finally reintroduced into the circulatory blood directly
and within a few minutes [27,37]. Patients were followed up after 30 days following
the second O2-O3-AHT session, and were asked to complete the FSS questionnaire, as
previously agreed.

2.6. Statistics

Data were collected and expressed as mean ± standard deviation, for quantitative
values. Sample size was evaluated by assessing data and forecasting evaluations with
Cohen d statistics and a Glass’ delta. Statistical inference, if any, was evaluated following
non-parametric tests. Scores were evaluated by a Mann–Whitney test for two independent
groups, with p < 0.05. Data were elaborated with SPSS v 24 software and Stata software
for graphs.

3. Results

Figure 1 shows the difference (DELTA) in FSS score between female patients and
male patients undergoing O2-O3-AHT. The average score was 5.14 ± 1.18 SD for females
(CI95 = 4.865–5.4209) and 4.03 ± 1.80 SD for males (CI95 = 3.606–4.450) (mode: 6 and 5,
respectively, median 5.5 and 5.0, respectively). The Mann–Whitney (MW) test assessed
the significance at p < 0.05 of this difference (p = 0.0001), and female patients showed a
better outcome than males. This difference was particularly striking in the youngest age
cohort (14–29 years), as the MW test resulted in a p = 0.006 for the Δ = 28.3% (males = 3.8,
females = 5.3). By arranging age groups into three clusters, i.e., 14–29 years, 30–49 years and
≥50, no difference in FSS score was reported for either females or males. Due to it having
the highest heterogeneity in FSS response, the male group (see Figure 1), i.e., the MW test
in the male age clusters, lacked statistical significance (p = 0.76). The O2-O3-AHT works
optimally in an independent way with respect to elderly subjects of those of different ages.

Figure 1. Box plot representation of the FSS differential response between male and female patients
with ME/CFS treated with O2-O3-AHT.

4. Discussion

Our results suggest that O2-O3-AHT is able to relieve fatigue in almost half of the
whole cohort of ME/CFS patients. Female patients showed a higher ability, particularly

263



J. Clin. Med. 2022, 11, 173

during youth (14–29 years), to respond to O2-O3-AHT than males. Age clusters did
not significantly affect the influence of O2-O3-AHT on both sexes. Thus far, no sound
explanation can be attained to explain why female patients show better outcomes with
O2-O3-AHT. This fact might be explained by the different endocrine endowment in males
compared to females, at least in terms of ER receptors and their effect on T cell activation
and NK cell functional activity [11]. The modulation of immunity may be a sound solution
to counter ME/CFS fatigue, and ozone may be a possible approach [5,6,27]. We are
therefore unable to fully elucidate how ozone can restore wellness in patients suffering from
ME/CFS-related fatigue [27]. Cell biology should suggest that, in ME/CFS mitochondria,
activity is greatly disturbed, generating an impairment in fundamental mitochondria-
related activities, such as ROS signaling [38], leading to inflammation disorders [39,40].
During ME/CFS, an increase in CD4+CD25+Foxp3+ T regulatory (Treg) cells occurs [41],
a circumstance that may be modulated by ozone [42]. ME/CFS pathogenesis involves
the impairment of Th17 cells. The CCR6+ Th17 cells in ME/CFS secrete less IL-17 with
respect to healthy subjects; moreover, their cell frequency in blood is lower and ozone can
restore their numbers [43,44]. The immune micro-environment in ME/CFS is therefore
fundamental for proper therapy [9–11]. Furthermore, 4-hydroxynonenal (4-HNE) induces
the thioredoxin reductase 1 via Nrf2 signaling, and then increases the level of Tregs [45,46].
The ability of ozone to modulate immunity and inflammation via the Nrf2 system is
particularly well noted [32]. Ozone may regulate nitric oxide (NO) and eNOS [32]. That
said, ME/CFS patients should have normal NO alongside normal IL-6 levels, both before
and after physical exercise upon fatigue symptoms, but should also show high levels of
F2-isoprostanes, i.e., oxidative stress biomarkers, which are probably quenched by the
activity of ozone on the Nrf2/Keap1/ARE system [47–49].

The ability of O2-O3-AHT to elicit a greater response in females than males may
involve ER-beta signaling on T reg biology [50], and may signal the possible involvement
of Nrf2 signaling, as elicited by O2-O3-AHT. This represents another issue that should be
investigated in future studies [51,52].

5. Conclusions

Patients suffering from ME/CFS fatigue and being treated with O2-O3-AHT experience
rapid relief of their symptoms. Female subjects are able to respond to O2-O3-AHT and
reduce fatigue symptoms better than males. Further insights are needed to elucidate the
mechanism by which these differences occur.
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