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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 (O;-
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.
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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/CEFS 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/CEFS 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).

a )

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.

HRYV 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 LE/HEF 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 1040 °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.



J. Clin. Med. 2021, 10, 4527

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 (MECFS 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 f-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 & = 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 Healthy Group Between-Group
(n =20 (n =20) 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
Right (1) 17 16 1.000
Left (n) 3 4
Employment status
Student (1) 1 6
Retired (1) 0 1
0.208
Full-time (1) 4 2
Part-time (1) 6 4
Non-employed (1) 9 7
Years of education
0.177
Mean (SD) 14.4 (2.8) 15.6 (2.7)
Highest degree of education
Primary school ()
Secondary education (1) 9 12
Higher education—university or 5 1 0.054
college (1)
Higher education—adult education 3 7
social
advancement course (1) 1 0
Marital status
Single (1) 9 12
Living together (1) 2 1 0.609
Married (1) 8 7
Widow (1) 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.

10
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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 Healthy Group Between-Group Comparison
(n =20) (n =20) (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) 415 (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).
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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);
(¢) HRV LF (m?); (d) HRV HF (ms?); (e) The LF/HF ratio; (f) ST (°C); (g) SCL (uS); (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/CFES 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 3¢,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/CEFS 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/CEFS, 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/CEFES p = 0.078, CON p = 0.001). However, values decreased in both groups during
the post-exercise recovery period (DURING vs. POST ME/CFES 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/CEFS p = 0.184, CON p = 0.351).
SCR at baseline and during recovery were not significantly different from each other (PRE
vs. POST ME/CEFS 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/CEFS 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/CEFS, 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/CEFS, 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/HEF 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/CEFS.

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/CEFS, 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 MECFS 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.

20



J. Clin. Med. 2021, 10, 4527

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 /51, Figure S1: Means and standard deviations of autonomic outcome measures
over 2-min intervals.
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Abbreviations

ANS autonomic nervous system
ECG electrocardiogram

CFS chronic fatigue syndrome
HR heart rate

HRV heart rate variability

HF high frequency

LF low frequency

ME myalgic encephalomyelitis
RMSSD  root mean square of successive differences between NN intervals
RPE ratings of perceived exertion
RR respiration rate

sC skin conductance

SCL skin conductance level

SCR skin conductance responses
ST skin temperature

w workload
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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; Clq; 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/CEFS 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
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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 (1 = 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

26



J. Clin. Med. 2021, 10, 4171

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, Clq, 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
(r <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 ¢-tests. Normal distribution was assessed
by the Shapiro-Wilk normality test. Categorical variables are presented as 1 (%), 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/CEFS 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 4- 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/CEFS (n = 250)
Age, years 459 +£7.02
BMI, kg/m?* 2454472
SBP, mmHg 125.8 £2.5
DBP (mmHg) 763 £ 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 354+24
Cognitive 340+34
Psychosocial 63.9+24
COMPASS-31
Global score (0-100) 53.6 + 3.5
Orthostatic intolerance 243 +2.1
Vasomotor 14+27
Secretomotor 93+£34
Gastrointestinal 11.6 =29
Bladder 35+4.1
Pupillomotor 37+34

28



J. Clin. Med. 2021, 10, 4171

Table 1. Cont.

Variables ME/CES (n = 250)
PSQI
Global score (0-21) 140+ 0.7
Subjective sleep quality 1.9+0.1
Sleep latency 22+0.1
Sleep duration 1.5+0.1
Habitual sleep efficiency 19+02
Sleep disturbances 24401
Sleeping medication 19+02
Daytime dysfunction 22401
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+£218
Vitality 17.0 £ 1.58
Social role functioning 28.2 +£1.87
Emotional role functioning 30.5+2.78
Mental health 414 +£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. t 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 (1 = 94), cluster 2 with cases presenting moderate affection (1 = 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 (x10°/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).
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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 Clq (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 (1 = 250). The number of cases with abnormal values with respect to reference values and
percentages (%) are shown.

Variables n (%)

25(0OH).Vit.D3 151 (60.4)
LDL 140 (56)
Clq 107 (42.8)
25(0OH).Vit.D3, LDL 81 (32.4)
25(0H).Vit.D3, Clq 72 (28.8)
coL 66 (26.4)

Clq, 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 Clq; 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 Clq,
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 Clq deficiency being associated with autoimmune
diseases such as systemic lupus erythematosus [24], motivated our interest to hypothesize
Clq 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 Cl1q maximum normal
value stratification (samples with C1q > 26.05 mg/dL, cluster 1, with n = 90; samples with
Clq < 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 Clq 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 Clq values (clusterl)
(>26.05 mg/dL) or within range (Clq < 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 Clq 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 Clq 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 Clq case clusters. Group means and standard deviations

are shown.
Cluster 1 Cluster 2 p-Value

RBC (x10'2/L) 4.62 (0.32) 4.53 (0.38) 0.0431

PT (g/dL) 7.24 (0.39) 7.1(0.42) 0.0093
1gG3/1gG 6.29 (3.64) 8.91 (13.47) 0.0219
1gG4/1gG 2.75 (1.7) 3.32 (2.56) 0.0343

Cljpp, (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; C1;,, complement 1 inhibitor; C,
complement factor. Standard deviation values are shown between brackets.

Overall, the cluster with increased Clq levels presented with higher red blood cell
counts, as well as total protein, C3, and C4 levels, and lower IgG3, IgG4, and Clj,
concentrations, indicating pathways potentially connected with elevated Cl1q 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/CEFS 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 Clq, for the first time, may importantly set the basis for future
ME/CFS subtyping.
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Clq 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 Clq 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 Clq 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]. Clq 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 Clq 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 Clq 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 Clq 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 Clq levels within normal reference values. This indicates a rough 1:2 overall ratio of
cases with increased Clq 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 Clq levels with case disease severity, despite the lack of
significant correlations between individual symptom scores and Clq levels. A correlation
of Clq 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 Clq 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 (1 = 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 Clg-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/jecm10184171/s1, Figure S1: Box plots of top blood analytic variables showing off-normal
reference values in our cohort (1 = 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 (1 = 47), where they performed physical active
exercises, an exercise for well-being group (1 = 47), which performed the Qi Gong exercises named
‘the twenty Wang Ziping figures for health and longevity’, and a control group (1 = 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 4 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.

Assessed for eligibility
{n =165)

Excluded (n = 24)
e Notmeeting inclusion criteria (n=11)
e Dedlined to participate (1 =13)

Randomized
(n=141)
active exercise program Qi Gong Group Control Group
Group (n=47) (n=47) (n=47)

Allocated and received
4 week active exercise
program programme (1 =
47)

Allocated and received
4 week Qi Gong treatment (n=
47)

Allocated (n=47)

Withdrawn (n=14)

Discontinued intervention
(n=14)

(5 ill, 4 work reasons, 5 unknown)

Withdrawn (n = 14)

Discontinued intervention
(n=14)

(6111, 3 work reasons, 5 unknown)
Lost to follow-up (1 =2)

- 2 absences to week 6 follow-up

measurement

Lost to follow-up (n =
18)

- 18 absences to week 6

follow-up measurement

N

¥

¥

QOutcome data (n=33)
e Excluded from analysis
(n=0)

Outcome data (n=31)
o Excluded from analysis (n=0)

Outcome data (1 =29)
o Excluded from

analysis (n=0)

Total participants that completed the study (n = 93)

Figure 1. Flow diagram of study participation.

42



J. Clin. Med. 2021, 10, 3826

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;
5and 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
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 S1-53.

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 n%) 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

Housewife 41

Unemployed 10

Working status Employed 23
Incapacitated 18

Retired 1

Married 81

Lives with her partner 2

. Single 2
Marital status Separated o
Divorced 3

Widow 3

With no studies 11

. Primary Education 40
e Secondary Education 23
Bachelor’s Degree 19

. . No 25
Smoking habits 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

Mean +SD

p-Value *
Outcomes CG (N =29) AEG (N = 33) EWG (N =31)
o Pre —624 +11.01 —924+937 —6.10+ 9.9
Flexibility Post ~3.14+9.08 —2.94 41051 ~2.03 + 10.80 0193
Contre of aravit Pre 54.07 + 3.58 53.39 + 2.99 53.94 + 2.93 0184
gravity Post 53.10 + 2.64 5430 + 5.78 5274 + 2.66 :
Pre 68.86 + 13.34 67.21 + 1651 65.35 + 14.95
SFIQ Post 69.45 + 4.02 57.79 + 17.95 57.71 + 15.79 0.002
Pre 734 + 1.61 7.88 + 1.58 7.16 +2.02
VAS Post 7.31+1.93 6.79 + 1.43 6.16 + 2.56 0.020
Pre 55.55 + 21.35 45.82 +27.02 57.26 + 19.20
One-leg stance test Post 55.38 + 23.14 6827 + 18.08 62.81 + 18.56 0.002

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.

Group
I Control group
5 1 Active exercise group
Exercise for well-being
group
o ——
—_—
g
S
>
2 |
o 5
-1 0— .
-15

T T
Flexibility pre Flexibility post

Figure 2. Changes in Flexibility.
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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, 12 =0.129), the
VAS (p = 0.020, 1% = 0.084) and the one-leg stance test (p = 0.002, 1?2 = 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 Espi 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-Sanchez 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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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
alphal/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 I 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 betal 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 arolein ME/CEFS, too. Tanaka et al. were the first to describe elevated M-AChR-AAB in
ME/CEFS 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 betal/2-AdR and M3/M4-AChR in serum but not in
cerebrospinal fluid of ME/CFS patients [20]. Betal /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 alphal/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/CEFS, 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 Universititsmedizin 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 Universitatsmedizin 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
alphal-, alpha2-, betal-, 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 x 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 (1) 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
X2-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 w/Infection-Triggered Onset w/o Infection-Triggered Onset Inf. vs.
(n =116, Median with IQR) (n = 86, Median with IQR) (n = 30, Median with IQR) 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
SE-36 Score
physical function 45 (20-55) 45 (18.75-61.25) 40 (30-50) p: 0.834
COMPASS 31 45.70 (35.18-55.42) 45.47 (34.36-55.34) 46.37 (39.28-56.13) p: 0.687
total score
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) 00-3 p:0.646
COMPAS‘,S 31 6.42 (3.75-8.56) 6.42 (2.14-8.56) 6.42 (4.28-8.56) p: 0.294
secretomotoric score
CQMPASS 31 8.90 (6.90-12.46) 8.90 (6.23-12.46) 8.90 (7.12-12.02) p: 0.932
gastrointestinal score
COMPASS 31
bladder score 1.10 (0-2.20) 1.10 (0-2.20) 0 (0-2.20) p: 0.369
COMPASS 31 2.40 (1.43-3.00) 2.40 (1.50-3.00) 2.40 (1.20-3.00) p: 0.772

pupillomotoric score
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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)

wi/Infection-
Triggered Onset

(n = 86, Median with IQR)

w/o Infection-
Triggered Onset

(n = 30, Median with IQR)

Inf. vs.
Non-Inf.

alphal-AdR-AAB 8.71U/1(7.24-11.65) 8.66 U/1(7.30-11.86) 8.83 U/1(6.85-10.02) p: 0.400
alpha2-AdR-AAB 7.36 U/1(6.06-9.11) 7.37 U/1(6.05-9.65) 7.34 U/1(6.07-8.97) p: 0.709
betal-AdR-AAB 10.30 U/1 (7.86-15.20) 9.88 U/1(7.61-16.20) 10.67 U/1 (8.48-13.44) p: 0.902
beta2-AdR-AAB 6.74 U/1 (4.76-11.26) 6.74 U/1 (4.75-11.55) 6.59 U/1 (4.67-10.37) p: 0.622
beta3-AdR-AAB 8.93U/1(6.10-13.31) 9.45 U/1(6.29-13.68) 8.70 U/1(5.72-13.20) p: 0.824
M3-AChR-AAB 4.74U/1(3.41-6.10) 4.77U/1(3.44-7.01) 4.45U/1(3.37-5.62) p:0.293
M4-AChR-AAB 6.50 U/1(5.16-8.33) 6.50 U/1(5.20-9.11) 6.59 U/1(5.08-7.98) p: 0.660
AT1-R-AAB 11.28 U/1 (8.52-16.38) 11.62 U/1 (8.50-17.05) 10.49 U/1 (8.68-16.13) p: 0.474
ETA-R-AAB 9.03 U/1(7.65-12.45) 8.98 U/1(7.60-12.79) 9.77 U/1(7.87-11.46) p: 0.774
ETB-R-AAB 13.05 U/1 (10.00-19.67) 13.05 U/1(10.03-19.87) 13.06 U/1(9.71-17.48) p: 0.750
PAR1-AAB 452 U/1(3.14-5.96) 476 U/1(3.26-6.31) 3.49 U/1(3.07-4.91) p: 0.102
PAR2-AAB 12.80 U/1(9.33-21.48) 12.12 U/1 (8.46-22.08) 14.63 U/1 (10.68-18.50) p: 0.535
alphal-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
betal-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 048 U/g (0.37-0.64) 048 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) 119 U/g (0.93-1.77) 1.14 U/g (0.85-1.47) p: 0.414
ETA-R-AAB/IgG 0.95U/g (0.77-1.29) 0.93 U/g (0.76-1.34) 1.03U/g (0.81-1.18) p: 0.812
ETB-R-AAB/IgG 129 U/g (1.02-1.93) 1.31U/g (1.02-2.00) 129 U/g (1.00-1.82) p: 0.707
PARI-AAB/IgG 045 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/1(8.39-11.10) 9.79 g/1 (8.41-11.09) 9.63 g/1(8.36-11.51) p: 0.969

3.2. Correlation of AAB with Total 1gG 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 alphal/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 alphal/2-AdR, betal/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-, betal /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 alphal/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 52-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 alphal/2-AdR- and the pupillomotor symptoms
with alphal-, beta2/3-AdR- and M4-AChR-AAB/IgG ratios. In contrast, the non-infection-
triggered onset group showed strong correlations of alphal/2-AdR- and betal/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 alphal/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
alphal/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).

alphal-AdR- alpha2-AdR- betal-AdR- M3-AChR- M4-AChR- AT1-R- ETA-R-
AAB/IgG AAB/IgG AAB /IgG AAB /IgG AAB/IgG AAB/IgG AAB/IgG

Fatigue r: 0.383 1: 0.363 1: 0.331 r: 0.234 r: 0.349 r: 0.317 r: 0.328

p: 0.004 ** p: 0.009 ** p: 0.045* p: 0.280 p: 0.028 * p: 0.035* p: 0.017 %

Muscle pain r: 0.482 r: 0.471 r: 0.310 1: 0.386 r: 0.319 r: 0.427 r: 0.429
p: <0.001 ** p: <0.001 ** p: 0.045* p: 0.008 ** p: 0.035* p: 0.002 ** p: 0.001 **

Cogpitive score r: 0.152 1:0.144 r: 0.209 1: 0.095 p: 0.084 1: 0.290 1: 0.371
p: 0.303 p: 0.306 p: 0.132 p: 0.583 p: 0.589 p: 0.051 p: 0.007 **

Bell Score r: —0.244 r: —0.223 r: —0.154 r: —0.196 r: —0160 r: —0.250 r: —0.273

p: 0.099 p: 0.105 p: 0.270 p: 0.280 p: 0.308 p: 0.083 p: 0.045*

pi?ﬁilfr?\z‘foiilc r: 0.268 1:0.212 r: 0.215 1: 0.166 r: 0.294 : 0.084 r: 0.039

score p: 0.082 p: 0.123 p: 0.132 p: 0.298 p: 0.042 % p: 0.590 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 alphal/2- and betal/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-, betal/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/CEFS to be associated with muscle weakness [18]. Bynke et al. could not show an
association of AAB against betal/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 alphal-AdR and M4-AChR to correlate with symptom severity [37],
while another demonstrated elevated levels of AAB against betal-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 alphal/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 alphal/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 alphal-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 alphal/2-AdR-ABB/IgG. This finding is in line with
a study showing that colorectal motility is mediated by alphal-AdR [44]. Pupillomotor
symptoms correlated with alphal-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 alphal/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 AAR-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 AARB 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 PAR?2 activity could explain
fewer secretomotor symptoms and enhanced alphal-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 betal-AdR were
shown to impair both betal-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 alphal-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/CEFS 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/CEFS 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/CEFS 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/CEFS, 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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[C I SERENN]

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/CEFS, 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/CES at the initial diagnosis
and start of treatment.

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

1. Introduction

Paedjiatric 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/CEFS 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/CEFS and healthy adolescent controls [35]. A total of 48 participants (25 with ME/CFES
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/CEFS 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/CEFS 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

PedsQL™ Multidimensional

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

Fatigue Fatigue Scale [47,48] transformed to a 0-100 scale, and summed over the number of items answered to
8 ! form a Total Fatigue score. Higher total fatigue scores reflected fewer problems
related to fatigue.
Two 28-item instruments that assess aspects of sleep over past month: ASWS
Sleen quality and Adolescent Sleep Wake Scale  assesses subjective sleep quality including evaluation of sleep initiation and
sleep}? ieXe (ASWS) and Adolescent Sleep  maintenance; ASHS assesses sleep hygiene and sleep practices. Items measured on a
Phys Hygiene Scale (ASHS) [49] 6-point Likert scale (1 = always; 6 = never). Higher total scores indicate better sleep
quality and hygiene.
PedsQL™ Pediatric Pain . . . . .,
Pain Questionnaire Visual Self-rated 100 mm scale to measure intensity of present pain, from ‘not hurting’ or

Analogue Scale [50]

‘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-11): 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
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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/CEFS 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% ClIs, 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/CEFS 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.

73



J. Clin. Med. 2021, 10, 3603

Table 2. Participant characteristics at baseline and follow-up.

Participant Characteristics ME/CES (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 =136 0.24
Socio—econoinic Indexes for Areas (SEIFA) 7.12 (1-10) 7.81 (1-10) _073 0.47
(M (range))
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/CEFS vs. Control).

Measures of Health and

. . . o - . ,
Psychological Wellbeing Estimated Mean Difference (b) with 95% ClIs 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 x 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 x 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 x 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 x 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 x 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 x Group 1.59 (—1.00, 4.18) 1.32 0.23 0.21
HRQOL
Time 13.19 (6.48, 19.91) 343 <0.001 0.66
Group 34.75 (24.95, 44.55) 5.00 <0.001 1.19
Time x 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/CEFS 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, 4 = 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/CEFS’: 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/CEFS 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/CEFS 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.

Fatigue unrelated to exertion and not alleviated by rest
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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 (1 = 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).
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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/CEFS 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/CEFS 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/CEFS [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/CEFS, 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/CEFS 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/CES 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 (1 = 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/CEFS 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/CEFS 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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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].
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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
(sSLORETA) 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 