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It is well known that myalgic encephalomyelitis (ME) and chronic fatigue syndrome (CFS),
whether considered as separate diseases or as the one chronic syndrome, continue to generate debate.
Discussions on language, definitions and theoretical parameters continue, but whatever your
position, one can now agree that ME and/or CFS (referred to hereafter as ME/CFS) is a disease with
a physiological basis, rooted in biochemical andmolecular dysfunction in the cells of sick individuals,
and not attitudes that can be alleviated by psychological therapies. As a result, biomedical
imperatives must now become the focus of research enquiry in order to find clinically translatable
answers as soon as possible.

This book is intended as a landmark volume to mark this shift in thinking and to consolidate
recent fundamental discoveries and biomedical insights as pathways towards tangible diagnostics,
and eventual ME/CFS treatments. Australian researchers, with their collaborators locally and abroad,
have been at the forefront of discovery in the biomedical realm, and this book draws together
fundamental and applied insights that have emerged from scientific and clinical enquiry. The
consolidation of up to date insights into ME/CFS was catalysed by a conference (https://www.emerge.
org.au/symposium#.XbIv2iVS 3c) in March 2019 (Geelong, Australia), hosted by Emerge Australia,
and several chapters in this volume are based on presentations from this meeting.

Section I—Reviews, Commentaries and Opinions

The book is arranged into two sections, with the first presenting the up to date commentaries
and reviews of the broader ME/CFS literature.

Cortes Rivera et al. [1] provide a “comprehensive review” of the field that takes us from some
of the early recorded outbreaks, attempts to recognise the aetiology of disease, a summary ofME/CFS
clinical and population features, and impacts on contemporary biomedical thinking. The expertise of
some authors was reflected also by valuable commentary on the genetic basis of ME/CFS, including
epigenetic studies, with interesting lessons for complex disease in general. Central to the book’s
theme on “Biomedical Insights ….” are discoveries concerning ME/CFS patho mechanism.
Missailidis et al. [2] provides the required update on ME/CFS pathology as explained at the cellular
level via biochemical and molecular alterations to function. Considering the array of triggers/causes
of ME/CFS, but a similar range of symptoms, they suggest that patient stratification along these
definitions is essential to understanding the molecular links to the whole person’s clinical picture.

The commentary by Sweetman et al. [3] nicely follows the general reviews, and squarely
addresses the question of whether biomedical science has assisted the clinic, with their views on the
biomedical potential of fundamental discoveries augmented by the presentation of data from their
own research laboratory. The answer, not surprisingly, is yes and no. However, they venture
opinions on the frustrations experienced by both patients and clinicians due to “… a long period of
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debate among the health profession about the true nature of the illness. It has hindered funding for
much needed research and has created inertia for researchers to join the research effort”, while
acknowledging the valuable discoveries of recent years, and the potential for progress in the near
future. Such views are important to express, as they give impetus to a focused research effort, in spite
of ongoing debate. Capturing an element of the debate, Twisk helpfully highlights a range of issues
when consideringME as compared to theME ICC definitions (2011 International Consensus Criteria)
[4]. In Twisk’s view, the ICC has helpfully abandoned the “CFS” nomenclature, but continuing
confusion exists since ME and ME ICC definitions have not been harmonised.

To complete the review and commentary section of the book, Vink and Vink Niese [5] review
the situation pertaining to ME/CFS impairment and disability in relation to work, with a focus on
diagnostic strategies and prognosis, as measured by the style and intensity of work possible post
diagnosis. Of particular value is that the article draws upon the experience of one author (Vink), who
is an occupational physician expert in the evaluation of patient disability, and discusses how to best
facilitate a return to the workplace. To our knowledge, this is the first occasion that a specific
examination of ME/CFS and its occupational impact has been published. Not only is the evidence
reviewed, but advice is provided on how best to prepare ME/CFS patients for a return to work, if at
all possible.

Section II—Research Results—Biomedical Insights and Diagnostics

The following section will highlight results obtained from primary biomedical research inquiry,
and as such, represents contemporary thinking on the mechanisms of disease. For complex diseases
like ME/CFS, research from diverse perspectives is essential. Section II starts with a qualitative study
based on surveys and clinical observations, moving to new ways of using pathology laboratory data
to provide marker patterns to assist diagnosis (as well as understand aetiology), with the final
chapters highlighting exciting developments at the metabolomic and cellular levels of function.

Holtzman et al. [6] developed a survey, with community collaboration, to specifically assess
PEM (post exertional malaise). The surveys took the form of self report questionnaires that were
subsequently completed by over 1500 members of the patient community (35 countries, 41.1% from
the USA). In the opinions of consulted community members, the most valuable PEM domains
included onset triggers, timing and duration, the contribution of “personal characteristics”, among
other factors not previously investigated. The authors also proposed their study as a model of
community collaboration, with valuable outcomes for patients, while declaring that they lacked
knowledge of what case definitions were applied to individuals in the study cohort, and did not seek
independent evaluation. As alluded to earlier, the variety of case definitions/criteria continues to
bedevil progress on ME/CFS.

For patients who fulfil the diagnostic clinical criteria for ME/CFS, a feature of laboratory
(pathology) tests is that all results across blood and biochemical markers report within the analyte
reference intervals, suggesting no physiological dysfunction (but remain useful for excluding other
health conditions). Nacul et al. [7] have confirmed this observation in the records of UK ME/CFS
Biobank (UKMEB) participants, but found that for a normally non requested blood test marker,
creatine kinase (CK), severe cases had a significantly (p < 0.001) reduced serum concentration
compared to healthy controls, with fluctuations in CK concentrations associated with symptom
severity. SerumCK concentration variation persisted despite correction for disease duration, age, sex,
and so on, encouraging further investigation of CK as a diagnostic marker.

The absence of pathology test results outside of the reference intervals was reported also by
Lidbury et al. [8] for an Australian cohort recruited from theMelbourne region. For this investigation,
the machine learning (ML) algorithm random forest (RF) was applied to identify predictor patterns
from the pathology results, both for the direct comparison of ME/CFS to healthy control participants,
as well as via the weighted standing time (WST) proxy for symptom severity. Serum urea and 24
hour urinary creatinine, markers of nitrogen metabolism, were found as the leading markers to
differentiate ME/CFS from health, as well as degree of symptom severity. The role of the cytokine
activin B as a serum marker was further examined along with the range of pathology tests, and was
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found to be significantly reduced in the serum of ME/CFS patients, in addition to being useful in
differentiating moderate to severe symptom severity when added to RF models.

The identification of nitrogen markers within pathology test results link to deeper metabolomic
analyses in samples from ME/CFS patients, as demonstrated by previous results from Gooley,
Armstrong, and McGregor, who reported abnormalities in urea cycle metabolites. Further work by
McGregor et al. [9] is presented here, which focused on biochemical alterations during self reported
PEM episodes. Glycolytic anomalies were indicated by glucose:lactate ratios, which correlated with
a fall in the purine metabolite hypoxanthine. A “hypermetabolic event” was suggested by increases
in the urinary excretion of methyl histidine, mannitol, and acetate. In addition to these observations,
data indicated a role for hypoacetylation, showing that multiple biochemical events from histone
function to physical gut and muscle symptoms coincide with PEM.

The metabolomic biochemistry theme is further explored by Kashi et al. [10], who propose the
indolamine 2,3 dioxygenase (IDO) metabolic trap hypothesis. The hypothesis explores the link of
IDO biochemistry in the context of kynurenine pathways, and the amino acid transporter LAT1,
through mathematical models of tryptophan metabolism. The formulation of the IDO hypothesis
eventuated from understanding the history of outbreaks world wide, database searches for common
“damaging” mutations in human enzymes, and the synthesis of the hypothetical implications for
ME/CFS through mathematical models. For example, the balance of tryptophan “steady state” as
physiological or pathological outcomes is presented, with the authors extending into experimental
designs to test their hypothesis. As a disease with a “trigger”, the disruption of steady states, and
thereafter perturbations in metabolism, these characteristics fit our understanding of ME/CFS
aetiology.

Concluding Remarks

To reiterate, this book, as a Special Issue of the MDPI journal Diagnostics, stands as a landmark
to consolidate the extent and value of biomedical research into ME/CFS, and associated clinical
observations. Another metaphor may be a “rallying point”, especially for those who have accepted
the physiological basis of ME/CFS, but have been discouraged by ongoing disagreement among the
research community and health professionals. In spite of debate, the evidence presented here and
elsewhere provides sufficient impetus to explore ME/CFS as a biomedical challenge that can be
solved.

Guided by the journal title, all contributors were encouraged to focus on elements within their
research or practice that emphasised diagnostic utility and innovation. Having succeeded in
presenting a collection of manuscripts spanning patient experience to pathology, physiology to
molecular and cellular biology, we hope that this publication invites further insights from biomedical
science, and finally acceptance that ME/CFS is a true disease with physiological foundations.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating chronic
disease of unknown aetiology that is recognized by the World Health Organization (WHO) and
the United States Center for Disease Control and Prevention (US CDC) as a disorder of the brain.
The disease predominantly affects adults, with a peak age of onset of between 20 and 45 years
with a female to male ratio of 3:1. Although the clinical features of the disease have been well
established within diagnostic criteria, the diagnosis of ME/CFS is still of exclusion, meaning that
other medical conditions must be ruled out. The pathophysiological mechanisms are unclear but the
neuro-immuno-endocrinological pattern of CFS patients gleaned from various studies indicates that
these three pillars may be the key point to understand the complexity of the disease. At the moment,
there are no specific pharmacological therapies to treat the disease, but several studies’ aims and
therapeutic approaches have been described in order to benefit patients’ prognosis, symptomatology
relief, and the recovery of pre-existing function. This review presents a pathophysiological approach
to understanding the essential concepts of ME/CFS, with an emphasis on the population, clinical, and
genetic concepts associated with ME/CFS.

Keywords: immunological; chronic fatigue syndrome; myalgic encephalomyelitis; biomarker;
neuroimmune; Epstein Barr virus; hypothalamic–pituitary–adrenal axis

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a disabling clinical condition
characterized by unexplained and persistent post exertional fatigue accompanied by a variety of
symptoms related to cognitive, immunological, endocrinological, and autonomous dysfunction [1,2].
The estimated prevalence is estimated at 0.1–0.5% [3,4]. As a result of this debilitating condition,
the burden for patients and caregivers is tremendous. In a recent review of the ME/CFS literature
reported by The Institute of Medicine (IOM) of the United States (US), it was estimated that between
836,000 and 2.5 million Americans suffer from ME/CFS, causing an annual financial cost that ranges
between 17–24 billion (USD) dollars per year [5]. The individual income losses are approximately
$20,000 annually per household, and the unemployment rates among those who suffer this pathological
condition are between 35–69% [5]. ME/CFS constitutes a particular enigmatic, debilitating and costly
significant public health problem [6]. It is characterized by a substantial reduction in previous levels

Diagnostics 2019, 9, 91; doi:10.3390/diagnostics9030091 www.mdpi.com/journal/diagnostics5
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of occupational, educational, social and personal activities in a patient’s lifetime. The disease affects
all ages, races and socioeconomic groups and some studies showed that approximately three to four
times as many women as men present the symptoms [3,7,8]. Table 1 shows the role of the main tissues
involved in the pathogenesis of the disease following the hypothesis of the 3 pillars, explained later in
the text.

Table 1. Features and function of main tissues representing the three pillars of myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS). HPA: hypothalamic–pituitary–adrenal.

System Tissue/Cell Feature Ref.

Central
Neurological
System

Neuron
The symptomatology is related to a variety of sources of chronic
neurological disturbance and associated distortions and chronicity in
noxious sensory signaling and neuroimmune activation

[9]

Glial cells

There is a significant blood–brain barrier permeability, microglia
activation through toll-like receptors (TLR) signaling, secretion of IL-1B,
upregulation of 5-HTT in astrocytes, reduced extracellular 5-HT levels,
and hence a reduced activation of 5-HT receptors

[10]

Immune System

Lymphocytes
Th1/Th2

Significant bias toward Th2 immune responses in CFS patients leading
to an effector memory cell bias toward type 2 responsiveness [11]

NK cells Reduction of cytotoxic activity in CFS, leading to a higher susceptibility
of infection [12]

B cells Persistence of autoreactive cells that can generate autoantibodies
during common infections [13]

Endocrine
System

Hypothalamus–
pituitary–adrenal
(HPA) axis

Enhanced corticosteroid-induced negative feedback, basal
hypocortisolism, attenuated diurnal variation, and a reduced
responsivity to challenge

[14]

2. History

In the World Health Organization (WHO) International Classification of Diseases version 2016,
both ME and CFS were coded identically and classified as other disorders of the nervous system;
nevertheless, “fatigue syndrome”, which non-expert clinicians may view as synonymous with CFS, is
classified under mental and behavioral disorders [15]. This leads to confusion in the classification of
the aetiology of the disease, mainly for primary care physicians.

Of the two current definitions, myalgic encephalomyelitis (ME) was the first to be defined. In 1934,
multiple cases of an unknown illness were recorded around the world. The cases were confused with
poliomyelitis or other medullary diseases, but it was eventually differentiated and first known as
“neuromyasthenia” [5], with symptom attribution to psychological causes. The details changed from
each patient, but in general, patients experienced a variety of symptoms including malaise, tender
lymph nodes, sore throat, pain, and signs of encephalomyelitis [16]. As it occurs presently, the aetiology
could not be clearly determined, and it was highly suspected to be infectious because of the flu-like
prodrome in most of the affected patients. In 1959, the term “benign myalgic encephalomyelitis”
eventually was chosen to reflect an inflammatory disease characterized by severe muscular pains and
the evidence of parenchymal damage to the nervous system in the absence of mortality [5].

The landmark case from this era occurred in 1955, and became known as “Royal Free disease”
through its association with an English hospital of the same name. Fifty-five nurses, doctors, assistants,
and other health personnel were hospitalized on presenting a series of symptoms, which was unusual
for the time. Interestingly, most of this hospitalized group contracted upper airway infection prior to
the onset of the disease, as well as gastrointestinal alterations, acute vertigo and sore throat, which were
followed thereafter by severe headache accentuated by movement and change of position, nuchal pain,
pain in the limbs, extreme lassitude, and paranesthesia. Some cases reported more critical symptoms,
including muscular cramps and twitching, objective sensory impairments, muscle tenderness, cranial
nerve palsies, and ocular movement disorders, suggesting “epidemic neuromyasthenia” [17]. From
that point, the efforts to look for the aetiology and the treatment of “myasthenia” began to grow.

6
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In the 1970s, the European psychiatric society proposed that myalgic encephalomyelitis (ME)
was a psychosocial phenomenon caused by either mass hysteria or the altered medical perception of
the community, renaming the disease to “myalgia nervosa”. With this redefinition and no organic
explanations of the disease, the medical community began to consider the psychiatric component to
understand the condition. This perception among medical professionals vastly limited the research
efforts to study ME in fields different from psychiatry and psychology [5,18]. Later on, some researchers
demonstrated the severe long-term disability of the disease and abolished the term “benign.” [15].

In 1986, Ramsay [17] published the first diagnostic criteria for myalgic encephalomyelitis, which
is a condition characterized by a unique and chronic form of muscle fatigability even after a minor
degree of physical effort, spending three or more days to restore full muscle power. At the end of
the 1980s, two cases of an illness resembling mononucleosis attracted the attention of some medical
communities [19]. The disease was then defined as “chronic or recurrent debilitating fatigue and
various combinations of other symptoms, including a sore throat, lymph node pain and tenderness,
headache, myalgia, and arthralgia” [5]. Since this time, the illness was largely linked with Epstein-Barr
virus (EBV) infection onset and was known as “chronic Epstein-Barr virus syndrome”.

In 1987, the US Center for Disease Control and Prevention (CDC) convened a working group
to reach a consensus on the clinical criteria of the disease. After much debate about the disease
nomenclature, the CDC reached the consensus of “chronic fatigue syndrome”, but noticed that the
term “myalgic encephalomyelitis” was the name that was most accepted in other parts of the world.
That was the origin of ME/CFS, the term for this condition, that is currently accepted worldwide [15,20].
In 1994 Fukuda proposed a clinical and investigative protocol in order to recreate a comprehensive
and integrated approach to study ME/CFS.

The definition that was proposed by Fukuda considers chronic fatigue as “self-reported persistent
or relapsing fatigue lasting six or more consecutive months” and requires a clinical evaluation to identify
or rule out other medical or psychological conditions that may explain the symptomatology [21].
A diagnosis of ME/CFS involves the absence of other fatigue-associated conditions, unexplained fatigue
for at least six months, and at least four of eight minor symptoms. Although this definition had been
widely criticized for being overly inclusive, it is still used in the clinical evaluation and diagnosis of the
disease. As well as the 1994 criteria, up to 20 other clinical criteria have emerged [1], with the other
notable clinical consensus criteria being the 2003 Canadian Criteria, which was an update in 2011–12
to the International Consensus Criteria [2,22].

ME was recognized by the World Health Organization (WHO) in 1969 as a defined organic
neurological disorder. However, in the daily medical practice globally, the concept of ME was not well
recognized. The disease formerly described as ‘epidemic neuromyasthenia’ in the US is now more
likely to be diagnosed as Chronic Fatigue Syndrome (CFS). Unfortunately, it was not until the ICD-10
that CFS was included in the medical classification of diseases in the US, with inclusions such as
benign myalgic encephalomyelitis and post-viral fatigue syndrome [23]. Also, as a prolonged atypical
illness associated with serological evidence of a persistent Epstein-Barr infection, it was associated
with infectious mononucleosis syndrome [24]. However, six years later, Holmes described the first
combination of nonspecific symptoms of the syndrome, introducing major and minor criteria for the
ME/CFS in the clinical practice [25].

Since the definition of this syndrome, the main issue to diagnose the condition has been the
absence of objective parameters to facilitate an accurate clinical assessment of the patient. Patients
with ME/CFS were frequently maligned and told they did not have a real physical illness, but rather a
psychological condition [26]. Through years of molecular research and clinical investigation, several
clinical definitions have been established in the literature. However, the most widely used in clinical
trials have been the Fukuda criteria and the international criteria, both with an inability to separate the
ME from the CFS [26,27]. Therefore, a case of ME/CFS is defined by the presence of an unexplained,
persistent, and relapsing chronic fatigue of new onset that is not alleviated by rest, which results in a
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significant reduction in the quality of life, and a concurrent occurrence of four or more of the following
eight symptoms that must have persisted during six or more consecutive months:

1. “Brain fog” described as impairment in short-term memory or concentration severe enough to
cause a reduction in previous levels of personal activities; 2. A sore throat; 3. Tender cervical or axillary
nodes; 4. Muscle pain; 5. Multipoint pain without joint swelling; 6. Headaches; 7. Unrefreshing sleep;
8. Post-exertional malaise lasting more than 24 h [21].

Even though over the last few decades clinicians have reached a consensus to diagnose ME/CFS,
the underlying aetiology is not well understood [1]. It is noteworthy that prior to a ME/CFS diagnosis,
patients are mostly healthy, fully functional and have a good quality of life. Approximately 50–80% of
patients with ME/CFS start suddenly with a flu-like illness, from which patients do not recover. ME/CFS
is commonly found after infection by a virus, bacteria, or parasite, suggesting an immunological
dysfunction as the possible beginning of the multi-systemic impairment, which is accompanied by a
strong genetic predisposition, as shown in a twin analysis [26,28].

There has been an increasing effort to investigate the aetiology and maintenance of symptoms,
including for patients with no infectious prodrome. Life stressors are shown to cause a negative impact
on the neuroendocrine circuits of stress, leading to other complications besides immunological
impairment [26]. Stress can be triggered by inflammatory components. Interestingly, one of
the hypotheses that attempts to explain the aetiological component of the condition suggests the
involvement of inflammatory cascades impairing either the functionality of the blood–brain barrier
or the gut barrier [6] with other studies indicating that infections and immunological dysfunction
contribute to the development and maintenance of symptoms, probably interacting with genetic and
psychosocial factors [1].

Viral involvement is a well-supported pathophysiological theory due to the high index of an
infectious onset in at least half of the patients, and confirmed findings of biochemical dysregulation
of the 2-5A synthetase/ribonuclease L antiviral defense pathway in monocytes [2]. The alteration of
this pathway and the reduced cytotoxic activity of the NK cells in ME/CFS patients are recognized as
the main findings of the immunological impairment on ME/CFS patients [29]. In addition to immune
and viral aetiology, the attenuation of the hypothalamus–pituitary–adrenal (HPA) axis is documented
in adult and adolescent ME/CFS patients, with marked evidence of systemic hypocortisolism, which
is an aspect that can influence the immunological and neuronal homeostasis of the individual [30].
Also, previous studies have reported enhanced sympathetic nervous activity, as well as increased
levels of catecholamines in ME/CFS, evidencing a neuroactive pattern in the pathophysiology of the
syndrome [31]. The alterations of these three biological systems will be further discussed.

The purpose of this review is to propose a coherent connection between the three pillars of
the pathophysiology of the ME/CFS described in the literature: the immunological system, the
neuroendocrine system, and the central nervous system, leading to a clear explanation of the
symptomatology of the disease in the absence of a reference standard.

3. Epidemiology

The prevalence of ME/CFS varies among different studies depending on how this pathological
condition is defined, the population surveyed, and the employed methodology. Terminological
variations and inconsistencies in how definition and labels are used in different studies of ME/CFS pose
a challenge to compare different global cohorts [32]. Therefore, there is a need to unify the diagnostic
terminology, and this constitutes a goal in the investigation process.

Fatigue is commonly experienced by patients presenting different pathological conditions. Thus,
it is necessary that any clinical measurement of fatigue differentiate between ordinary fatigue and
a symptom of a pathological disease [33]. It is essential to be aware that the boundaries between
normal and abnormal fatigue are arbitrary. For instance, some authors argued that fatigue should be
considered unusual when the fatigued person views himdelf or herself to be ill [34,35]. A number
of surveys conducted around the world proposed that the prevalence of fatigue among the adult
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population is considerable. The Office of the Privacy Commissioner of Canada (OPC) survey of
psychiatric morbidity in the United Kingdom (UK) found that 27% of all adults reported significant
fatigue in an ordinary week, and pointed out that the prevalence of chronic fatigue was 13.4% in
that population [36]. A comparable study from the United States reported a prevalence of 6% of
unexplained fatigue lasting more than two weeks [37,38]. One study involving the population of
143,000 people between 18–64 years of age from England reported an incidence of 4.7% of the included
cases in the population and an overall prevalence rate of 0.20% [33]. Lawrie et al. estimated the annual
incidence of CFS as 370 per 100,000 and the prevalence as 740 per 100,000 individuals in a study
executed in Edinburgh, Scotland [39].

ME/CFS is an endemic disorder that affects all racial/ethnic groups and is seen across all
socioeconomic strata. Most studies of gender differences report higher rates in women [8]. However,
it has been suggested that gender differences may occur as an artefact of recruiting samples in a
gender-biased manner from different specialist centers. For example, in a prospective cross-sectional
cohort study performed in a rheumatology center in Spain, statistical tests were omitted to determine
the significance of the gender, suggesting a possible bias [40]. Nonetheless, many community-based
studies indicate that there may be a real gender difference [41,42].

The median duration of the illness is approximately seven years, a quarter of those with the
disease are unemployed or disabled, and the average affected family forgoes approximately $20,000 in
annual earnings and wages [43]. Kroenke et al. found a comparison with the disability experience in
some medical conditions such as untreated hyperthyroidism and myocardial infarction [44].

The prognosis of patients with ME/CFS is variable. For some patients, an improvement in
symptoms is a more commonly reported outcome than full recovery, and the prognosis in this case is
less disappointing, especially among patients in primary care [45]. Some of the most prominent risk
factors that predict progression are the severity of the symptoms at the time of onset, the standard of
early management of the disease, having a mother with the syndrome, and comorbid diagnosis of
fibromyalgia. The attribution of CFS to a physical cause and poor control over the symptoms have
been associated with worse outcomes in those patients [46]. Death in patients with ME/CFS is usually
caused by another co-existing illness, in which cancer and cardiovascular abnormalities are the most
common causes of death among this population [47,48].

4. Clinical Manifestations

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex condition with
multiple systemic dysfunction. The primary symptom is the post-exertional fatigue accompanied by
various neurological, cardiovascular, respiratory, and gastrointestinal manifestations [49]. Although an
attempt was made to systematize the clinical signs of the disease through some major and minor criteria,
clinical heterogeneity is far from being covered. However, most of the clinical trials accept and use the
Fukuda and/or the CDC criteria for patient selection. Research efforts continue seeking biomarkers to aid
aetiological understanding, clinical selection, and treatment options for this debilitating condition [26].

In order to make the diagnosis of ME/CFS, the patients must have the following criteria shown in
Table 2 for at least six months in adults, and three months in children.
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Table 2. Common symptom range and key features of myalgic encephalomyelitis/chronic fatigue
syndrome patients (ME/CFS).

Symptom Description Reference

Fatigue
Fatigue is not the result of ongoing exertion, is not relieved by rest, and is
medically unexplained. Fatigue can worsen with prolonged upright
posture or even low-energy consumption tasks.

[50]

Sleep Dysfunction Sleep is unrefreshing with disturbed quantity or rhythm that can include
daytime hypersomnia, night time insomnia, and day/night reversal. [3]

Muscle Pain Muscle pain is more common in the pediatric population and can be
explained by a comorbid fibromyalgia.

[51]
Joint Pain Joint pain is not a common condition and can be related to autoimmune

comorbidities.

Cognitive Dysfunction

Slow mental processing speed, impaired working memory, poor learning of
new information, difficulty with word retrieval, increased distractibility,
decreased concentration and attention span, and inability to multitask; all
of which are collectively described by patients as “brain fog”.

[52]

Headaches
Frequently, patients suffer chronic, daily, new onset headaches, which can
fluctuate in severity from week to week. If they are episodic, a diagnosis of
migraine should be considered.

[3]

Post-Exertional Malaise
Normal activity or moderate exertion is followed by worsening of malaise,
intense fatigue, and other symptoms. Recovery is difficult for the patient
and usually takes more than 24 h.

One of the following:

(a) Autonomic Manifestations
(b) Neuroendocrine

Manifestations
(c) Immune Dysfunction

Autonomic manifestations: orthostatic hypotension, exercise intolerance,
sweating abnormalities digestive, urinary and sexual alterations.
Neuroendocrine manifestations: Tolerance for stress, anxiety, or panic
attacks, anorexia, recurrent feeling of feverishness
Immune manifestations: Tender lymphadenopathy, sore throat, new
sensitivities to food or medications.

[26]

Other unspecific symptoms also reported by patients include dizziness, nausea, anorexia,
headaches, and night sweats [49]. The onset of the disease may vary depending on demographic
factors. For instance, most patients that attend tertiary care health medical doctors frequently report an
acute onset of symptoms after an infectious illness; nevertheless, in the general population attending
primary care, the onset of fatigue is gradual [53,54].

The fatigue in patients suffering ME/CFS is more intense and different from usual tiredness related
to physical exercise. It may combine cognitive and physical exhaustion, weakness, heaviness, general
malaise, light headedness, and sleepiness. These characteristics are the main tool that the primary
care physician has to be able to differentiate ME/CFS from other common causes of fatigue, including
fatigue associated with cancer.

Post-exertional malaise (PEM) is considered one of the distinguishing symptoms of ME/CFS.
It can be used by the clinicians to differentiate it from other conditions with similar symptomatology
such as depression. PEM refers to severe fatigue after minimal physical or mental/cognitive exertion.
The mental fatigue is described by the patients as “brain fog” and includes poor concentration,
forgetting words in speech and poor short-term memory [54].

The autonomic dysfunction may elicit a central alteration of the autonomic nervous system,
which provides unconscious control of basic systemic functions [49]. The symptoms of the autonomic
dysfunction include dizziness and fainting upon standing up, inability to alter heart rate with exercise,
sweating abnormalities, digestion difficulties due to slow digestion, and urinary, sexual and visual
problems [54]. This autonomic dysfunction is related to one of the most common comorbidities
found in the syndrome, the Postural Orthostatic Tachycardia Syndrome (POTS), which is defined by
Reynolds et al. as the presence of orthostatic intolerance and an increased heart rate of more than
30 beats per minute from baseline [53].

All of these signs are suggestive of ME/CFS, but are not specific. Patients feel tired; they may have
drooped and crooked postures with rounded shoulders when sitting in a chair. Some patients need to
lie down on the examination table while they wait to be seen by the physician; others go to the hospital
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in a wheelchair [26]. Some patients may present periorbital hyperpigmentation indicating allergies,
and puffy eyes, meaning fatigue or oedema. Patients with a sore throat are more likely to report a viral
reactivation accompanied by tender lymphadenopathy in the cervical, axillary and inguinal areas [54].
Examination of the pupils may show oscillation of the pupils or diminished pupillary accommodation
due to the imbalance of the central sympathetic and parasympathetic nervous system [55].

5. Pathophysiology

5.1. Immune System

The pathophysiological mechanism of ME/CFS is unclear [56]. In the context of the immune system,
hypotheses include altered central nervous system functioning resulting from abnormal responses
to common antigens; the activation of inflammatory, cell-mediated immune (CMI) response, and
enhancement of oxidative and nitrosative pathways; a neuroendocrine disturbance, and autoimmune
responses against neuronal and other cells and proteins [29].

Numerous studies have sought evidence for a disturbance in the immunity system. A decreased
function of natural killer (NK) cells, an alteration in cytokine profile, and the reduced responses of T cell
to mitogens, and other specific antigens, have been reported in several studies [56]. The immunological
findings encompass a low-grade inflammation, as indicated by an increased production of nuclear
factor kB (NF-κB), cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS); immune
activation, with increased expression of activation markers; increased levels of proinflammatory
cytokines, including IL-1, IL-4, IL-5, IL-6, and IL-12 and lowered levels of IL-8, IL-13, and IL-15;
immunosuppression, as indicated in decreased NK cell cytotoxicity; autoimmune reactions; oxidative
and nitrosative stress (O&NS) damage to membrane fatty acids, proteins and DNA; lowered antioxidant
levels; mitochondrial dysfunction; bacterial translocation, and the alteration of antiviral response
elements, such as the 2-5 oligoadenylate synthetase/RNase L pathway [29,56,57].

5.2. Inflammation and Oxidative Stress

Studies have reported that ME/CFS is accompanied by systemic inflammation, while others define
ME/CFS as a low-grade inflammatory disease characterized by: (a) increased levels of pro-inflammatory
cytokines and high concentrations of acute phase reactants; (b) diminished levels of antioxidants,
including zinc and coenzyme Q10 and antioxidant enzymes; (c) O&NS damage to fatty acids, proteins
and DNA; (d) dysfunctional mitochondria; (e) a lowered w3/w9 polyunsaturated fatty acid ratio;
(f) increased translocation of Gram-negative bacteria; and (g) aberrations in intracellular signal
transduction and apoptosis pathways [58].

The high level of pro-inflammatory cytokines is an important feature of the pathophysiology and
may explain some of the clinical manifestations of the disease, such as chronic fatigue and flu-like
symptoms [56]. The most supported origin of this inflammatory state is the association with an
infectious pathogen, especially a viral infection. A viral infection could rapidly activate antiviral
pathways, e.g., IFN-γ-indicated pathways, which would quickly allow the establishment of a systemic
inflammatory state [59].

The evidence that immunoinflammatory pathways are activated are:

(a) chronic low-grade inflammation, as indicated by elevated production or levels of tumor necrosis
factor-alpha (TNF-α) and other pro-inflammatory cytokines such as IL-1β and IL-6;

(b) Cellular-mediated immune (CMI) response activation, as indicated by increased neopterin levels,
a well-known biomarker of the immunological stimulation;

(c) immunological phenotypic change including Th1 to Th2 shift, increased CD26 expression on
T cells, defective T regulatory cell functions, and T cell exhaustion [11,60,61]; and

(d) increased bacterial translocation sustained by the leaky gut theory of increased IgA levels against
lipopolysaccharides (LPS) of Gram-negative bacteria [29,58].
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Oxidative stress is defined as a disturbance to the equilibrium status of pro-oxidant and antioxidant
systems in favor of pro-oxidation. The term is used to describe chemical reactions involved in the
production of free radicals and other reactive molecules that potentially induce cellular injury [62].

ME/CFS patients have a significant activation of the oxidative and nitrosative stress, which
appears to be a critical feature in the pathophysiology of the disease; for example, studies have
reported the elevation of oxidative stress biomarkers in blood (notably isoprostane, oxidized LDL, and
iso-prostaglandin F2), and the reduced antioxidant capacity as represented by glutathione levels [62,63].
These findings suggest that oxidative stress could be implicated in the pathophysiology of ME/CFS by an
excessive free radical formation, but not by the depletion of antioxidant reserves [58,62]. The damaging
effects of the O&NS to fatty acids or proteins transform them into immunogenic targets for the immune
system as it loses immunogenic tolerance [59,64]. This mechanism might explain the high incidence of
IgM-mediated autoimmune responses directed against O&NS-modified epitopes in ME/CFS.

An important aspect that allows the integration of the immunological phenomena is the relationship
between mitochondrial damage and the increase of oxidative stress [64]. Increased ROS leads to damage
of the electron transport chain leading to depleted adenosine-5′-triphosphate (ATP) production which
in turn causes a deficiency in oxidative phosphorylation and impaired mitochondrial function [62,65].
Mitochondrial aetiology for ME/CFS is a prominent feature of current thinking, and whether immune
dysregulation explains all aspects is yet to be determined [66–68].

Viral infections, including ROS/RNS-induced damage and inflammatory cytokines can activate
a key transcription factor NF-κB, which could play a triggering role and propel an inflammatory
cascade in patients. Once activated, NF-κB is translocated from the cytoplasm to the nucleus to bind
the DNA promoter sequences of several inflammatory mediators such as IL-1β, IL-6, TNFα; and
O&NS mediators, such as cyclooxygenase-2 (COX-2) and inducible NO synthase (iNOS) [64,69]. This
upregulation could link the interaction between the increase in oxidative stress and the immunological
overreaction in these patients. However, the directionality of this interaction is not clear yet. It is
believed that the immune response to an external pathogen could be the cause of the activation of
unbridled oxidative stress, which in turn perpetuates a steady inflammatory cascade [59,70].

5.3. NK Alteration

The NK cells are granular lymphocytes that play an important role at the interface between
innate and adaptive immunity [29,71]. NK cells are important effectors of the innate immune system,
as they responsible for the lysis of tumor and virally infected cells without affecting healthy host
cells. [72]. The surface markers in NK cells indicate different subtypes with different functions.
For example, two subsets of NK population known as CD56bright CD16dim/− and CD56dim CD16+
have different functions [73]. The former subset plays a predominately immunosurveillance role with
potent cytokine production, whereas the latter subset is primarily cytotoxic and can kill infected and
tumor cells [29,74]. CD16, or FcyRIIIA, is a low-affinity receptor for the Fc portion of immunoglobulin
G, and CD56 is an adhesion molecule that mediates the homotypic adhesion in immunological
cells [75]. For the proper interaction with the cells, NK cells are recruited mainly by interferon and
chemoattractive chemokines, including CCL22, CX3CL1, and CXCL8, with an alteration of intracellular
Ca+2 concentration impacting lytic potential [76]. Decreased NK cell function and associations of NK
impairment with viral infection/reactivation have been observed in ME/CFS patients.

A study examining 41 ME/CFS patients reported a decreased frequency of peripheral blood
CD3-CD57+ lymphocytes; primarily representing NK cells, whereas frequencies of CD3+CD57+ cells,
representing cytotoxic T lymphocytes, were unperturbed, suggesting an immunological selectivity
in the disease [74,77,78]. However, another study found a significantly lower frequency of CD3+
lymphocytes and a higher CD4 T-cell representation in ME/CFS patients [79], whereas several studies
found no significant changes in the immunological profile between ME/CFS patients and controls [80].

Transient receptor potential (TRP) ion channels are involved in diverse physiological processes,
such as the sensation of a wide range of stimuli and modulation of ion entry to the cytoplasm [81].
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Recently, the TRPM3 ion channel was shown to display a significantly lower expression on the
cell surface of NK, and B cells form ME/CFS patients when compared with healthy controls. This
finding suggests an impaired Ca+2 mobilization in the NK cells of ME/CFS patients, which prevents
the mobilization of secretory vesicles leading to a reduction in NK cell cytotoxic activity [56,66].
Interestingly, one study recently demonstrated an alteration in the signaling of the MAPK pathway that
was associated with a decrease of the intracellular concentrations of Ca+2 in NK isolated cells of patients
with ME/CFS, suggesting a fundamental alteration in the lytic function of these immune cells [29].
Additional studies reported findings for a number of SNPs in genes for acetylcholine receptors (AChR)
and TRP ion channels from the isolated NK cells from ME/CFS patients. These investigations reported
a significant reduction in NK lysis in these patients compared with unfatigued controls [82].

Interestingly, other studies established that mitochondria play a key role in the function of
innate immunity cells, including NK cells. A recent discovery that mitochondria express a range
of AChR subtypes, including nicotinic α3 subunit receptor, suggests that nAChR may impact the
mitochondrial function directly to regulate oxidative stress [29,75]. In the face of dysregulation
in several neurotransmitters, including acetylcholine, the mitochondrial stress associated with the
activation of these nicotinic receptors would lead to an alteration in intracellular dynamics in several
immune cells, including NK cells.

5.4. Immunoglobulins

Levels of total serum immunoglobulin G (IgG) and the IgG subclass are reduced in CFS patients.
Some studies report decreased IgG1 and IgG3 levels; others observed deficiencies in all IgG subclasses
or only in the IgG3 levels in some patients. These deficiencies may be correlated with antiviral activity
in these patients and contribute to the pathogenesis of the disease [83]. ME/CFS is accompanied by
increased serum levels of IgA and, to a lesser extent, IgM against the LPS of commensal Gram-negative
enterobacteria [84]. It is well known that persistent inflammation in the syndrome can cause the
mucosal barrier to become more permeable, whereby wider spaces between the cells of the gut
wall cause a loss of the protective barrier. This may induce increased bacterial translocation, and
thus an increase of serum endotoxin concentrations, which might trigger an immune response [85].
The increased serum IgA and IgM levels against the LPS of the Gram-negative enterobacteria in
ME/CFS indicate the presence of increased gut permeability and an immune response mounted against
the LPS of the enterobacteria [83]. Although there are no exact figures to pathologize the levels of IgA
in CFS, an elevation of this immunoglobulin can help the primary care physician establish the progress
of systemic inflammation in the natural history of the disease.

5.5. Autoimmunity

Maes et al. reported in a study analyzing the IgM levels from the serum of ME/CFS patients, that
the syndrome is characterized by an IgM-related immune response directed against disrupted lipid
membrane components, by-products of lipid peroxidation, S-farnesyl-l-cysteine, and NO-modified
amino acids, which are not usually detected by the immune system and, due to oxidative and nitrosative
damage, have become immunogenic [58]. These findings suggest that an underlying infection may
be present in these individuals, and that the immune system is chronically activated in response
to a pathogen [56]. The onset of autoimmune responses in ME/CFS may be explained by different
mechanisms, including the creation of new epitopes due to the effects of O&NS; inflammatory processes
that produce a state of immunologic overreaction; and increased bacterial translocation, with new
immunogenic molecules coming into contact with the immune system [86].

Recently, a subset of patients with ME/CFS was shown to display an array of autoantibodies directed
against neurotransmitters and neuronal components including serotonin, anti-neural antibodies,
gangliosides, and mu-opioid, dopamine D2, muscarinic, and 5-HT1A receptors [87]. Thus, the
neurotransmitter alteration could explain many of the disease symptoms such as the neurocognitive
dysfunction, sleep alterations, or even a central fatigue theory.
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Anti-conjugated oleic, palmitic, and myristic acid, malondialdehyde, azelaic acid, and
S-farnesyl-l-cysteine autoantibodies levels are significantly higher in ME/CFS patients than in normal
control [58,59,88]. This increased autoantibody production presumably reflects cellular damage
or breakdown, which represent increased autoantibody production to self-epitopes that became
immunogenic due to oxidative stress [56]. ME/CFS is also accompanied by increased anti-conjugated
NO• adducts, e.g., NO-tyrosine, NO-phenylalanine, NO-arginine, NO-tryptophan [83]. The IgM
responses to these conjugated NO-derivatives represent an autoimmune response to nitrosylated
self-epitopes that became immunogenic due to nitrosative damage.

Several studies described autoantibodies in ME/CFS, mostly against nuclear and membrane
structures and neurotransmitter receptors, as pointed out earlier. Antinuclear antibodies (ANA) were
found between 13–68% of the ME/CFS patients, dsDNA antibodies were found in 12% of patients,
further autoantibodies against endothelial and neuronal cells were described in 30% and 16% of
patients, respectively [89].

Antibodies against the muscarinic M1 acetylcholine receptor (AChR) were reported in 15% of
ME/CFS patients and were highly associated with muscle weakness and muscle pain [87,90]. Antibodies
against B1 and B2 adrenergic receptors were found in 29% of patients with ME/CFS compared to
healthy controls [91]. The association of B2 receptors autoantibodies with immune markers suggest
an activation of B and T cells expressing B2 adrenoreceptors [92]. Disturbance of these receptors and
M1 AChR function may explain the symptoms related to autonomic dysregulation, and some of the
most common comorbidities of the syndrome, for example, postural orthostatic tachycardia syndrome
(POTS) [53].

There is compelling evidence that all of the immunological alterations seen in the pathophysiology
of ME/CFS are associated with autoimmunity, suggesting a possible hallmark for the understanding of
the disease. Nowadays, the search for autoantibodies is of great importance allowing the development
of potential biomarkers for the diagnosis of the disease and thus providing further advances for
therapeutic interventions [93].

5.5.1. B Cell Impairment

The profile of B cell subpopulations could be different in ME/CFS compared with controls. However,
this variation is still not fully elucidated within the pathophysiology of the disease [94]. The constant
interaction of B cells with an infectious pathogen leads to the dysfunction of the immunological
tolerance, losing mechanisms that generally prevent the development of autoreactivity. New memory
B cells with autoreactivity, which normally would be eliminated by the thymus, arise and persist in
these individuals [13]. When the patient is exposed to a new infection, these B cells could produce
antibodies that react both to microbe and autoantigens. This is the basis of the mimicry theory behind
autoimmune disease [95]. Abundant studies have proved this theory with immunological biomarkers;
ME/CFS is associated with a significant increase in the amount of B cell with a CD20+ CD5+ phenotype,
which is correlated with autoantibody production and with overexpression of CD21 markers, which
acts as a receptor for some viruses, including EBV [56,96].

5.5.2. 5′-Oligoadenylate Synthetase/RNase L Pathway

The association between the onset of ME/CFS with a viral infection has always been a fundamental
pillar in the understanding of the pathophysiology of the disease, as the viral exposition has been one
of the most supported triggers of the disease. As a result, interest in the antiviral pathways in these
individuals has increased widely, and its disturbance may explain the onset of the immunological
dysfunction partially. One of the principal interferon-activated antiviral pathways involves the
activation of the 2′-5′-oligoadenylate (2-5A) synthetase/RNase L system, which is an innate immunity
pathway that responds to a pathogen-associated molecular pattern to induce the degradation of viral
and cellular RNAs to block viral infections and propagation [97,98]. It is composed of three types of
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enzymatic activity: 2-5A synthetase, 2-5A degrading enzymes, and RNase L, which drive the antiviral
and antiproliferative effects of type I interferons [98–100].

On a theoretical basis, some intracellular antigens are capable of deregulating the 2-5A
synthetase/RNase L pathway in patients with ME/CFS [97]. Severe deregulation of the 2-5A
synthetase/RNase L pathway is accompanied by the down-regulation of apoptotic activity in the
peripheral blood mononuclear cells (PBMC) of patients due to the accumulation of proteolytic cleavage
products. The initial up-regulation of apoptosis in these cells due to the alteration of the antiviral
pathways is followed by a subsequent down-regulation [95]. Therefore, down-regulated apoptotic
activity implicates a suppressed ability to eliminate intracellular antigens, similar to EBV or Mycoplasma
spp. [99,101].

As well as triggering the 2-5A synthetase/RNase L activation, type I IFN induces the expression of
protein kinase R (PKR) [97]. The activation of this enzyme, as typically seen during viral infection or
cellular stress, results in a blockade of protein synthesis and consequent cell death through the activation
of some transcription factors [102]. Recently, the role of PKR related to metabolism, inflammatory
processes, cancer, and neurodegenerative diseases has gained interest because of its relevance; it does
not act just as an antiviral agent, but also as a cell growth regulator [103]. However, there is conflicting
data regarding the activity of PKR in ME/CFS patients, so the further investigation of PKR activity in
CFS patients is warranted [101].

5.5.3. Central Nervous System Alteration

Neuroinflammation

One of the reasons why ME/CFS is profoundly disabling is due to the neuropsychologic symptoms
that patients experience, including cognitive impairment, decreased alertness, impaired memory and
concentration, and depressive symptoms. In addition, they also experience widespread chronic pain,
including headaches, muscle, and joint pain [104]. These findings suggest that the central nervous
system (CNS) is deeply involved in the pathophysiology of the disease [105,106].

Previous studies with functional imaging showed hypoperfusion and a reduction of the
biosynthesis of neurotransmitters such as glutamate, aspartate, and gamma aminobutyric acid
(GABA) in the frontal, temporal, cingulate and occipital cortices and basal ganglia. Using single
photon emission computed tomography (SPECT), some studies found ME/CFS-related perfusion
defects in the frontal and temporal lobes and impaired cerebral blood flow [107,108]. A voxel-based
morphometry study demonstrated volume reduction of the bilateral prefrontal cortices in ME/CFS
patients, and the volume reduction level in the right prefrontal cortex was associated with the severity
of fatigue and the reduced functional status [109]. The reaction time was slower and the amplitude of
electroencephalography-derived premovement-related cortical potential was also reduced in CFS in
comparison with healthy individuals [108]. In this section, we will explain the neurological dysfunction
and the possible interactions with other systems in ME/CFS patients.

With pro-inflammatory activity recognized for ME/CFS, it has been suggested that neuroinflammation
is involved in its pathogenesis and progression [104]. Neuroinflammation is evidenced in ME/CFS
patients by the activation of glial cells, specifically microglia and astrocytes. The activated glia exhibits
an increase in the expression of the 18-kDa translator protein (TSPO). This protein can be assessed
by PET to ascertain the inflammatory activation within the CNS [105]. Conversely, this constant
interaction between the CNS and the proinflammatory cytokines results in “sickness behavior”, which
is a state that is characterized by malaise, lassitude, fatigue, numbness, reduced appetite, reduced social
interactions, fatigue, and weight loss, which is similar in many aspects to major depression [110,111].
Additionally, Hornig et al. demonstrated a significant increase in the levels of proinflammatory
cytokines in the cerebrospinal fluid of patients with CFS/ME. They made a network analysis that
revealed a markedly disturbed immune signature in the cerebrospinal fluid of the patients that is
consistent with immune activation in the central nervous system, and a shift toward an allergic or

15



Diagnostics 2019, 9, 91

T helper type-2 pattern associated with autoimmunity [112]. Later, the same author re-analyzed the
cerebrospinal fluid from a patient cohort with CFS/ME and found suggestive patterns of disturbances
in interleukin 1 signaling and autoimmunity-type patterns of immune activation in patients with
atypical clinical characteristics [113].

Although the mechanisms underlying neuroinflammation in ME/CFS are unclear [104], it appears
that positive feedback between the inflammatory state and the neuronal overactivation takes place [114].
On one hand, patients have to exert a significant effort to perform daily activities, which results in
enhanced neural activation that leads to an increased production of pro-inflammatory cytokines,
reactive oxygen species, and nitrogen species [65,66,106]. The central inflammatory component
can also be triggered by the immunologic response to an initial infectious process [6]. Thus, the
overwhelmingly increased inflammatory state cannot be countered by anti-inflammatory mechanisms,
thereby encouraging the development of ME/CFS [115].

Neuronal Sensitization

Central sensitization is a characteristic of neuropathic pain that underlies chemical, functional and
structural changes in the CNS [116]. It is manifested as an exaggerated response to noxious stimuli,
a reduced threshold for pain, and spread sensitivity around the innervation territory of the injured
nerve. It may be produced by the constant stimulation of inflammatory molecules, affecting peripheral
sensitivity to further non-noxious stimuli [117]. Furthermore, sensitized neurons may continue to
fire after the initial stimulation has ceased: a phenomenon that is referred as “kindling” [6]. Thus, an
insidious peripheral-central neurogenic sensitization loop takes place, which would conceivably have
the power to modulate the impact of symptoms in ME/CFS [118].

Peripheral pain can contribute to this sensitization by a process that manifest in hyperalgesia and
contributes to ME/CFS symptomatology. This phenomenon takes place under long-term potentiation
(LTP), in the context of temporal summation effected by repetitive nociception stimulation [119].
Thus, most of the pain symptoms displayed during ME/CFS may be produced by changes in synapse
transmission in some of the primary structures involved in pain modulation such as serotonin and
glutamate attenuation in encephalic pain modulation structures [117,120].

Glial Activation

The inflammatory response within the CNS favors a proper environment to cause peripheral
sensitization. These nociceptive afferents not only interact with post-synaptic neurons, but they also
trigger glial responses [104,121]. Calcium ion influx into glial cells, especially astrocytes, causes central
terminals of the nociceptive pathway to release neuroactive-signalling molecules that activate the
surrounding microglia [122]. These include the primary neuroexcitatory neurotransmitters such as
glutamate, nitric oxide (NO), and potent pro-inflammatory cytokines such as tumor necrosis factor alpha
(TNF-α) and IL-1B [6,107]. Activated microglia responds similarly to systemic inflammation by inducing
superoxide and NO production. Superoxide and NO are free radical substrates of the peroxynitrite
(ONOO-) radical, and hence sources of oxidative and nitrosative (O&NS) stress damage [123].
The enhanced glial activation results in neuroexcitation, neuroinflammation, and neurodegeneration
through molecular alteration by oxidative stress, which is supported by neuroimaging studies that
evidence a significant reduction in white and grey matter volumes in ME/CFS patients [124].

This glial activation due to systemic inflammation may be one of the causes of chronic pain
in patients with ME/CFS, involving pathological processes of allodynia and hyperalgesia, via the
impact of bidirectional neuroglial signaling [6]. Glia can be activated by neuronal stimulation and the
inflammatory cytokines that they release may in turn link to neuronal glutamate receptors enhancing
neuroexcitation [117,121]. Collectively, the overactivation of glia by neural and immunological signals
can favor sickness behavior and peripheral symptoms that are observed in patients with ME/CFS.

Recently, overall research into glial activation due to systemic inflammation has been deepened.
Some toxins have been described that are specifically capable of activating the glial cells called
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“gliotoxins”, which are produced by certain species of bacteria, fungi and viruses [125]. This activation
could generate a gliopathy in the CNS. However, gliopathies have also been shown to be initiated
by other molecules and neurotransmitters directly related to a systemic inflammatory state such as
the pro-inflammatory cytokines TNF-α and IL-6, and high concentrations of glutamate and other
pain-related neurotransmitters such as substance P [6,126].

5.5.4. Alterations of Serotonin Transmission

Serotonin (5-HT) is a monoamine that is involved in the pathophysiology of many neuropsychiatric
conditions that share some symptoms with ME/CFS, especially the extreme fatigue that does not
improve with rest [127]. Central fatigue represents the contribution of the CNS to muscle fatigue;
in other words, it is the progressive decline in the capacity to produce voluntary muscle force as exercise
continues [128,129]. It is characterized by a decreased ability to contract muscle fibers adequately during
motor activity, and is observed separately from muscle fatigue [129,130]. The cellular mechanism
remains unknown, but the evidence suggests that central fatigue correlates with increased levels of
5-HT and its metabolites in the CNS [131,132].

It is known that the 5-HT1A receptor negatively regulates the activity of 5-HT neurons via the Gi
protein, and is expressed as both a presynaptic autoreceptor on raphe neurons and as a significant
postsynaptic receptor in the hippocampus, cortical, hypothalamic and spinal regions involved in
mood, emotion, stress responses, and motor activity [127,128]. Unlike motoneurons excitation via the
5-HT 2B/C receptors, 5HT1A-mediated inhibition only occurred during prolonged stimulation of the
dorsolateral funiculus and appeared to depend on the spillover of 5-HT to the initial axon segment,
which does not receive serotoninergic innervation [133]. During high levels of release, 5-HT spills
over to reach extra-synaptic receptor sites in the initial axon segment, and inhibits the generation of
action potentials [130]. This prevents the hyperactivity of motoneurons, promotes motor unit rotations,
and reduces detrimental muscle activity. All these findings have identified the 5-HT1A receptor as a
critical contributor of central fatigue [129]. Thus, it is widely proposed that the obvious disability due
to extreme fatigue may be because of punctual alterations in the serotoninergic transmission [134].

Several hypotheses aimed at defining the aetiology of these alterations have been proposed
in the literature, but the ones that have more significant support at present are the consequences
for the systemic inflammatory state and changes in the genotype of the proteins involved in the
serotonergic pathway [135]. Inflammatory cytokines are known to act centrally to alter the metabolism
and release of neurotransmitters including serotonin. For instance, inflammatory cytokines such as
TNF-α and IL-1β acutely activate the serotoninergic transporter (SERT) through the stimulation of the
p38 MAPK pathway and increase the concentration of other catecholamines in specific brain regions
such as the anterior hypothalamus [110,136]. SERT transport serotonin from the synaptic cleft into the
presynaptic neuron and together with 5-hydroxytryptamine transporter (5-HTT) is involved in the
termination of the serotoninergic signaling [137]. Genetic studies reported specific polymorphisms in
different components of the serotoninergic neurotransmission such as the 5-HT1A receptor and the
serotoninergic transporter 5-HTT in patients suffering from ME/CFS [110,131].

It appears that the neuroimmune dysregulation occurring in patients with ME/CFS is capable of
explaining the neuropsychiatric symptoms reported in this pathological condition. Thus, treatments
toward the reduction of this inflammatory state and consequently neuroinflammation may in turn
reduce the severity of the symptoms of this disease.

5.5.5. Neuroendocrine

HPA Axis in ME/CFS

The interest in the role of the hypothalamic-pituitary-adrenal (HPA) axis in CFS developed
from the careful observations that clinical conditions in which there is low circulating cortisol are
characterized by debilitating fatigue [138]. Thus, Addison’s disease, glucocorticoid withdrawal, and
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bilateral adrenalectomy are all associated with fatigue and with other symptoms that are also seen in
CFS, such as arthralgia, myalgia, sleep disturbance, and mood disorder [84,139]. These observations
gave rise to the hypothesis that one of the features of the fatigue in ME/CFS is low circulating levels of
cortisol [138].

Reviewing the literature, there is a wealth of studies that have conflicting conclusions about
the dysfunction in the HPA axis in patients with ME/CFS. It seems that some of the reasons for the
inconsistencies in the data include the heterogeneous nature of ME/CFS itself [30]. The hypofunction
of the HPA axis as manifested by a low salivary cortisol-awakening response is the most replicated
biological finding in ME/CFS adult patients [140,141]. Moreover, low baseline levels of HPA
axis hormones; aberrant diurnal hormone variation; reduced HPA axis response to physical and
psychological stressors; and enhanced sensitivity to glucocorticoids have been also reported in patients
suffering from this disease [30]. Approximately half of the studies that have measured unstimulated
cortisol and ACTH levels in blood or saliva, and others that determined the diurnal variation of urinary
cortisol, reported some evidence for lowered cortisol levels at some point in the day in patients with
ME/CFS [140]. However, there is no convincing evidence that any HPA axis disturbance is specific to
ME/CFS, or that it is a primary cause of the disorder rather than being related to the many possible
consequences or comorbidities of the illness [138].

One of the hypotheses that could explain the low cortisol levels reported in patients with
ME/CFS is related to the nature of the dysregulation of the stress response. It is noteworthy to
remark that since 1998, Scott et al. [142] have suggested the ME/CFS is a stress-related disorder. They
hypothesized that initial stress might cause an elevation in corticotropin release hormone (CRH)
with a consequent down-regulation of CRH receptors (CRHR) on the pituitary corticotrophs neurons.
This down-regulation fails to normalize after the alleviation of stress or the subsequent reduction
of CRH levels because of the abnormal plasticity in the CRH receptor. Thus, the hypofunctioning
of the HPA axis is the consequence of a “stressed crash” or “exhaustion” phenomenon whereby the
stress-induced HPA axis hyperfunction switches into HPA axis hypofunction following prolonged
stress. Long-standing stress can result in an exhaustion of the stress response whereby the HPA axis
is proposed to lose its ability to cope with environmental stress, coupled with decreased cortisol
output [138,139]. Since plasma cortisol is mainly controlled by ACTH, there is a linear relationship
between these two hormones in patients with ME/CFS [31,143].

Different interrelationships among hormones of the HPA axis, the sympathetic/adrenal medulla
(SAM) system, and the thyroid system between ME/CFS patients and healthy controls have been
reported in a number of studies [14,31,144]. This neuroendocrine imbalance affects the homeostasis of
another major system that is involved in the pathophysiology of the disease: the immune system. It is
well-known that the interaction between glucocorticoids and immune cells is crucial for the optimal
development of the host immunological response [145]. There is bidirectional communication between
immune-inflammatory pathways and the HPA axis. For example, HPA axis hormones exhibit negative
feedback on the immune system, downregulating inflammatory responses, whereas pro-inflammatory
cytokines stimulate the HPA axis to produce more HPA axis hormones [84,139].

Therefore, the findings in ME/CFS could be explained by at least two different mechanisms:

(a) Activation of immune-inflammatory pathways is secondary to HPA axis hypofunction by the
attenuation of negative feedback of the HPA axis hormones on the immune system, and

(b) chronic activation of immune-inflammatory pathways play a causative role in HPA axis
hypofunction [143].

In conclusion, the repeated activation of immune-inflammatory pathways in ME/CFS, including
increased levels of pro-inflammatory cytokines, may be influenced by the HPA axis hypofunction [138].
Glucocorticoids have anti-inflammatory and adverse immune-regulatory effects by attenuating Th1
cell-mediated immune responses and promoting Th2-mediated and Treg functions [140,143].
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Consequently, there are syntheses of cytokines and the activity of transcription factors, such as
NF-κB, which modulates the viability of immune cells (e.g., monocytes and lymphocytes), impedes NO
production, blocks promoter sites of pro-inflammatory genes (e.g., IL-1, IL-2, and IL-6), and activates
anti-inflammatory genes such as IL-10. These glucocorticoid effects are mediated by binding to their
glucocorticoid receptors (GCRs) in the immune cells [139].

Regardless of whether disruption of the HPA axis is primary or secondary, a more significant
comprehension of the complexities of the pathophysiology of the ME/CFS has been gained by
understanding the changes in the HPA axis. This knowledge could profoundly improve the
symptomatic treatment of ME/CFS by adequately controlling the hormone dysfunction.

Hypocortisolism

Patients with ME/CFS show dysfunction of the HPA axis resulting in hypocortisolism, and an
attenuated cortisol awakening response. Cortisol is the principal end product of the HPA axis and
is involved in the regulation of several bodily systems. Two recent meta-analyses found that the
cortisol awakening response (CAR) is the most common finding in the experience of fatigue, and
may be relevant in the pathophysiology of the post-exertional malaise, which is a crucial feature of
ME/CFS [146]. The CAR describes a surge in cortisol levels upon awakening and has two components:

(1) the total cortisol output within this period, and (2) the dynamic response, usually referring to
the change in cortisol output from waking to peak levels [147].

Urinary sampling for cortisol is sometimes utilized in research designs, but offers only a summary
index of cortisol production over a period [146,148]. Evidence from eight control studies indicated
decreased within-person CAR and circadian cortisol variation within ME/CFS. However, a lack of
validating studies prevents overly robust conclusions about the importance of these biomarkers in the
pathophysiology of the CFS.

The cause of hypocortisolism in patients with ME/CFS remains unclear [145]. Some authors
suggest that it may be caused by impaired central nervous system signaling of the adrenal glands,
such as limited adrenocorticotrophic hormone (ACTH) output; decreased adrenal gland body size;
a compensatory shift toward hypocortisolism after a period of HPA hyperactivity following chronic
stress; and enhanced negative feedback of the HPA axis and reduced response of ACTH [148,149].

There is evidence suggesting that stressors, including emotional distress, may exacerbate ME/CFS
symptoms, with fatigue being the most prevalent [138]. Emotional distress reactions, such as
environmental challenges, may trigger physical symptoms in ME/CFS [150]. This finding has
led to the proposal of a standard endocrinological pathway that may underlie the development
of “stress-related” disorders, and which would potentially help explain common symptoms of
enhanced stress sensitivity [141]. It can be concluded that using stress reduction interventions, such as
perceived stress management skills in patients suffering from ME/CFS, could be useful to mitigate the
symptomatology [143,148]. ME/CFS patients reveal a flatter cortisol awakening response, as well as a
flatter diurnal slope of salivary cortisol output compared to healthy individuals [31], particularly in
patients with early adverse life stressors [146]. It is plausible that persons with better stress management
skills have less anxiety and negative mood, which in turn relates to lower evening cortisol levels and
better HPA control over pro-inflammatory cytokine production [148].

6. Cortisol Treatments for Patients With CFS

Since the identification of endocrinological alterations in patients with ME/CFS, treatments with
corticosteroids were assessed, most of them with positive effects in the symptomatology of the patients.
Some studies that managed patients with ME/CFS with low doses of hydrocortisone showed favorable
results in the reduction of symptoms, especially regarding a reduction in the fatigue levels in the short
term [151,152].
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7. Genetic Predisposition

As described previously, ME/CFS is a complex condition with a multifactorial aetiology involving
multiple mechanisms [153]. As a focus of this review is to exhibit the impact of dysregulation of
the neuro-immuno-endocrine relationships, we aimed at summarizing several findings reporting
genetic polymorphisms in key neuroimmunoendocrine-related genes that might be involved in the
ME/CFS condition. There are plenty of studies that have analyzed the gene expression in the peripheral
blood of patients with ME/CFS, and have proposed candidates genes related to the risk of developing
the disease [154–160]. Unfortunately, many of these studies did not confirm their finding with PCR,
making some of the proposed results unreliable [161,162]. There are a few studies that have analyzed
twins with the condition; however, a study conducted in 2001 using 146 female-female twin pairs
with ME/CFS provided evidence that supported a familial aggregation of this syndrome [163]. More
recent studies have proposed similar conclusions using principle components and latent class analyses
to select genes that can have a heritable component, which is mostly involved in the HPA axis and
cytokines [164,165].

A common approach to address the symptom heterogeneity of the disease in many studies is
to subtype the patient population, allowing the research to focus on the analysis of the biological
differences that underlie more specific manifestations of the disease [166]. Some authors attempted
to subtype ME/CFS patients based on differences in gene expression profiles in order to approach
particular etiological factors [162,167,168]. A symptom-based approximation of the disease has had
success in identifying musculoskeletal, inflammatory, and neurological subtypes [169]. One of those
studies enrolled patients with a defined ME/CFS phenotype and compared them to healthy blood
donors using a microarray that represents the entire human genome and with quantitative PCR (qPCR)
confirmation. They clustered the mean relative quantity of mRNA transcripts in patients with ME/CFS
and identified seven subtypes of genes with similar profiles of expression. Relative quantification
of the mRNA is an approach to determine the quantity of target mRNA in samples with a relation
between them [170]. Analysis of mean age and sex ratios for each subtype revealed differences between
males and females in the severity of the disease; differences in social functioning and emotional roles;
and differences in the severity of individual symptoms between subtypes [162]. However, it is difficult
to directly compare and interpret subtypes in various studies because of the differences in the study
design, the subject selection, and the inherent variability of the data, among other differences.

The attempt to determine the genetic aetiology of ME/CFS is further obfuscated by diagnostic
errors, phenotypic heterogeneity, and environmental effects [171].

7.1. Epigenetic Modification

Molecular studies using DNA methylation microarrays indicate that methylation plays an
essential role in the regulation of several genes involved in the relationship with the pathophysiology of
the disease [172]. The interaction between the environment and the development of the disease
is highly supported, and may be explained by the epigenetic modification of some candidate
genes [173]. This idea has been amply supported by an increasing number of studies that have
carefully examined the epigenetic changes associated with the neuro-immuno-endocrinology axis of
the disease pathophysiology [174–176]. The methylation of DNA is one of the most studied epigenetic
modifications. It mainly occurs on the cytosines of the CpG dinucleotide sites across the genome, and
regulates the gene expression without disrupting the nucleotide sequence, and may arise through
genetic, stochastic, and environmental factors [176]. To date, there are plenty of studies relating the
ME/CFS with epigenomic changes. De Vega et al. found significant differences in DNA methylation
between CFS patients and healthy controls at 1192 CpG sites in 826 genes, with differential DNA
methylation occurring in promoters, gene regulatory elements and within coding regions [175]. Most
of these genes are involved in the adaptive immune response and the preservation of an inflammatory
state [171]. It is known that epigenetic modifications are mechanisms that modify the long-term
gene expression in response to an environmental stimulus [114,115,176,177]. Clearly, the infectious
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prodrome observed in a vast majority of cases of ME/CFS is indicative of the importance of this
infectious exposure in genetic regulation. However, it is still not clear if the relationship between
the epigenetic modifications of genes related to the adaptive immune response is the reason why
individuals with ME/CFS are predisposed to contract viral infections, or if the infection is the necessary
environmental stimulus for the epigenetic modification. Future research is required in order to correctly
solve doubts about the epigenetic impact on ME/CFS.

7.2. Mechanisms

In the following section, an attempt will be made to demonstrate the genetic importance in the
physiopathological mechanisms most supported in the literature. These mechanisms primarily include
the neurotransmitter dysregulation, the alteration in the HPA axis, and the immune-inflammatory
responses [178–180].

7.3. Neurotransmitter Dysregulation

The most common neurotransmitter alteration related to the ME/CFS in the literature is the
serotoninergic system [153]. Some polymorphisms in the serotonin transporter, receptors, and synthetic
enzymes are highly linked with ME/CFS. In a case-control study, Narita et al. identified a polymorphism
in the serotonin transporter gene 5′ upstream region (5-HTTLPR) in ME/CFS patients, but not in
controls [97,155]. Besides, in another case-control study, three were located in the 5-HT receptor
subtype HTR2A (rs1923884, rs6311, and rs6313) and identified as associated with ME/CFS [180].
Also, two polymorphisms in the adrenergic signaling pathway were found to be more abundant in
ME/CFS patients than in controls: the β2-adrenergic receptor and the catechol-O-methyl transferase
(COMT) [87,181].

The enzymatic activity of COMT has been shown to be inversely related to the levels of
catecholamines [182]. Considering previous studies that observed ME/CFS patients with elevated
levels of norepinephrine and epinephrine, the COMT low-activity met/met genotype appears to be
more prevalent amongst adolescents with ME/CFS [159].

Another neurotransmitter involved in disease pathophysiology is acetylcholine, although from a
limited number of studies. A small sample study identified a cholinergic receptor SNP (mAChM3R)
that featured prominently in ME/CFS patients, which is consistent with the alteration of NK cells in
these patients [183]. Another study found antibodies against mAChM3R (a muscarinic receptor) in a
population with ME/CFS, and in which a modest positive response occurred with reduced symptom
presentation following the anti-CD20 intervention [87,184].

All of these studies have identified a genetic predisposition in the dysfunction of some central and
peripheral neurotransmitters in patients with CFS/ME, which may explain much of the symptomatology
of the disease, mainly related to the nervous system such as pain or muscle weakness.

7.4. Alteration in HPA Axis

In light of genetic analysis, a study identified that a genetic variation in POMC and NR3C1
might contribute to the pathophysiology of subgroups of patients with ME/CFS [184]. This finding is
consistent with other reports of the association between the disease, and polymorphisms in NR3C1 [185].
NR3C1 is a glucocorticoid receptor gene that is influential in regulating the HPA axis function and
blood glucocorticoid levels that have been highly related to the neuroendocrine pathophysiology of
the disease [157].

7.5. Immune-Inflammatory RESPONSES

As previously described, immune dysregulation and the inflammatory reactions contribute to
the pathophysiology of ME/CFS, and a genetic predisposition may contribute to the spread and
persistence of a mild systemic inflammatory state. A study that investigated the human leucocyte
antigen (HLA) class II alleles, and the receptor for advanced glycation end product (RAGE), found a
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significant association between HLA-DRB1 and multiple RAGE polymorphisms with the pathogenesis
of ME/CFS [186]. Also, a previous study identified a clear association between the HLA-DQA1 alleles
and the ME/CFS [187]. Although multiple studies have taken into account the existing relationship
within the polymorphisms of cytokine receptors, none of them reported reliable and reproducible data
with the disease [183,188].

8. Management

In the pharmacological approach to the management of ME/CFS, trials have had a poor external
validity, and have proven to be inconsistent and inconclusive. The only systematic review of the
pharmacological management of ME/CFS identified 20 drug therapies from 26 studies, and 18 applied
the Fukuda criteria as the primary tool for inclusion criteria [189]. Eleven medications were shown to be
either slightly, mildly, or moderately effective in their respective study groups. Outcomes were measured
with clinician-administered and self-administered surveys or scales. From those 11 drugs, six of them
had significant results in the fatigue outcome. This group included medications that were individually
studied in clinical trials such as dextroamphetamine [190] and nefazodone [191], both with inconclusive
results. Other drugs involved in the systematic review included rintatolimod, acetyl-l-carnitine,
and intravenous immunoglobulin. Each one of these drugs has individual studies reporting some
improvements in severe symptoms, especially in fatigue and cognitive impairment [192–195]. However,
as stated earlier, none of them had the epidemiological significance to be the gold standard in the
pharmacological treatment of ME/CFS.

There are multiple mechanisms of action in the pharmacological therapies that are used for the
management of ME/CFS. Dextroamphetamine is a well-known CNS stimulant and a sympathomimetic
that induces the release of dopamine in the mesocorticolimbic circuits. Nefazodone is a serotoninergic
modulating antidepressant, and acetyl-l-carnitine is an acid ester of carnitine that facilitates
the movement of acetyl-CoA inside the mitochondria during the oxidation of fatty acids, with
proven neuroprotective action [196]. There are medications whose mechanisms target a proposed
pathophysiology of ME/CFS; one example is rintatolimod, which is an inducer of the interferon activity
without helicase activation [192]. Rintatolimod has been studied due to its selectivity in its mechanism
of action, its safety for the patient, and the initial success in open-label trials [197].

In the symptomatic management, the studies show results with meaningful outcomes. In the
cognitive disability and functional status, Bonnet and Young respectively discussed the effects of
moclobemide and lisdexamfetamine dimesylate [198,199]. However, the results given by Bonnet and
Young were limited due to the questionnaires that were used to assess the cognitive and functional
status and the sample used for the study. For fatigue and post-exertional malaise, some studies have
evaluated low-dose hydrocortisone (5–10 mg daily), and found a short-term improvement in fatigue,
but with a relapse of the symptoms once the drug is discontinued [152].

The fact that the pathophysiology of the ME/CFS is still not understood entirely opens the
possibility of studying a number of non-pharmacological options, some of them with good results
in the symptomatological relief [200]. One area of those non-pharmacological approaches is dietary
interventions, including the mitoprotective diet, consisting of caloric restriction, fasting diets, and
ketogenic diets [201]. The mitoprotective diet has a crucial role in the regulation of the mitochondrial
dysfunction due to oxidative stress, which is a well-known pathophysiological feature [202,203].
The impairment of the energetic balance due to reduced mitochondrial capacity in the skeletal muscles
of ME/CFS patients has mainly been studied and, as previously seen, is one of the hallmarks of
the disease. This dysfunction can be attributed to many triggers, including chronic viral infections;
these infections have the potential to create a cycle that disrupts the mitobioenergetics of affected
cells, increasing the oxidative stress damage by alteration of the anti-oxidants components of the
cell [204]. The improvement of this mitochondrial dysfunction, and the subsequent O&NS damage,
is shown to have an inverse relationship with fatigue severity scores in patients with ME/CFS [205].
With this background, the caloric restriction of the diet can lead to adaptive responses that affect the
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inflammatory pathway, the energy metabolism, the DNA repair and the modulation of the O&NS [206].
However, the exact mechanism of this diet is not well understood. Along with mitoprotective diets,
natural antifatigue supplements have also had promising results in animal models enhancing exercise
tolerance [207].

One of the constituents of mitoprotective diets is the ketogenic diet, which is defined as a high-fat,
deficient carbohydrate diet that mimics the effects of caloric restriction or the fasting diets. The ketone
bodies acetoacetate and β-hydroxybutyrate are produced during lipolysis through the generation of
acetyl-CoA, as occurs in a fasting state or with a minimal intake of carbohydrates. The mitochondrial
effects of the ketogenic diet are similar to those observed during the caloric restriction by a similar
mechanism as described earlier. In experimental studies with animals, it has been found that the
β-hydroxybutyrate is an endogenous and specific inhibitor of class I histone deacetylases, resulting in
global changes of genes transcription, including the ones involved in the oxidative stress resistance
factors [208,209]. However, the effects of the ketogenic diet are not all beneficial for the patient, and
may not contribute to the complete recovery of the disease, as ME/CFS has other pathophysiological
pathways, as described herein.

There is also literature that demonstrates mitoprotective roles in specific medications, such as
sodium dichloroacetate, which enhances the activity of the mitochondrial enzyme pyruvate
dehydrogenase [210]. However, it has been seen that this medication does not work in all patients [211],
thus generating more doubts about the hypothesis of whether mitochondria is the only etiology of
the disease.

Table 3. Current therapeutic strategies for ME/CFS.

Medication Examples Intervention Adverse Reactions

NSAIDs Ibuprofen, Naproxen Relieve frequent or severe joint and muscle pain,
headaches, reduce fevers and inflammation [212].

Gastrointestinal distress and
bleeding

Tricyclic
antidepressants

Amitriptyline, Doxepin,
Nortriptyline,
Desipramine

Symptom relieve, improve sleep, and relieve pain
in much lower doses than those used to treat
depression. Has anti-anxiety effect and improve
locomotor activity [213].

Sedation, urinary retention,
sexual dysfunction,
weight-gain comorbidities.

Selective serotonin-
reuptake inhibitors

Fluoxetine, Sertraline,
Paroxetine

Helpful for anxiety/depression and other mood
disorders in patients with ME/CFS, as well as
patients with chronic neuropathic pain [214].

No specific adverse reactions
have been described in the
RCT

Antiviral Drugs Rintatolimod,
Valganciclovir

Enhance the NK-function and influence the
2-5A-synthetase pathway, producing an objective
improvement in exercise tolerance and a reduction
in ME/CFS-related concomitant medication usage
[193,215].

Is a well-tolerated medication
in the right dosage

Monoclonal
Antibodies Rituximab

Decrease the activity and number B-cell by
inhibiting CD20, thus reducing inflammation.
Studies demonstrate symptoms alleviation and
improvement in quality of life within a 12-month
follow-up [216,217].

Neutropenia, and increase of
severe infections

Complementary
and alternative
medicine

Nutritional supplements,
Acetyl-l-carnitine,
Essential fatty acids,
Magnesium, Vitamins,
Coenzyme Q10 plus

Nutritional supplements may improve
ME/CFS-related physical and mental fatigue in
patients with specific nutritional deficiencies [215].
There are discrepant results in most of the RCT,
and further research is needed in order to conclude
a specific therapeutic role.

No specific adverse reactions
have been described in the
RCT of nutritional
supplements

Corticosteroids Hydrocortisone,
Frudocortisone

Associated with statistical improvement in ME/CFS
symptoms, especially in physical fatigue [218].

Adrenal suppression, mood
disorders, weight-gain
comorbidities.

See Reference [219] for additional details.

There are other trials and reviews of pharmacological and non-pharmacological therapeutic
option for ME/CFS; most of these are directed toward the reduction of the inflammation and the
oxidative stress with the objective of symptomatologic relief [219]. Table 3 briefly summarizes the
current therapeutic approaches that are being studied. That is the case of the probiotic interventions
showing good outcomes in the management of gastrointestinal symptoms observed in the ME/CFS,
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reducing the cytokine levels entering the systemic circulation by the leaky gut phenomena [220].
However, as for most of the therapeutic options, the studies have inconclusive results due to limited
data and validation.

9. Discussion

In this comprehensive review, a holistic approach to a new disease has been presented. It is
evident that diagnostic tests for clinical practice are not specific to the condition, which is reflected in
the high rates of underdiagnoses (85–90%). When reviewing the historical perspective of ME/CFS, the
relevance of infectious prodrome in the understanding of pathophysiology was identified. The first
clinicians to describe the syndrome, as reviewed earlier, immediately associated the disease with an
ongoing infection. Nowadays, with a significant core of research, it is known that the disease has
its pathophysiological sustenance in “three pillars” that continuously interact with each other: the
immune system, the nervous system, and the neuroendocrine network. Table 1 offers a brief summary
of the main features of the tissues involved in the “three pillars” hypothesis. As can be seen in
Table 3, current therapeutic strategies target several elements of the proposed neuro-immunoendocrine
network, which also supports the “three pillars” hypothesis that we are discussing in this review.

The immune system is involved in modulating neural plasticity, learning, and memory, although
the precise link between these two seemingly distinct systems was, until recently, unclear [54].
The connection may be explained by the coevolution of the nervous and immune systems, as the
two systems share mechanisms of stimulation, cell communication and signaling, gene regulation,
and supracellular organization. The immune system supports the central nervous system (CNS) and
aids functional recovery by facilitating the renewal, migration and cell lineage specification of neural
progenitor cells [221].

The immune system is involved in the stress response, since stress activates the immune
system, leading to peripheral inflammation that may ultimately contribute to the onset of a part
of the symptomatology of the disease [222]. Indeed, stress has been shown to be an essential
predisposing factor in the development of several neurodegenerative and psychiatric disorders [223].
The hypothalamic–pituitary–adrenal (HPA) axis and the systemic sympatho-adrenomedullary (SAM)
system are essential modulators of stress response systems [224]. The HPA axis is an endocrine
pathway that regulates standard stress response and merges with the immune system to maintain
homeostasis [138,139]. Therefore, stress stimulates the release of glucocorticoids, particularly cortisol,
which is able to cross the BBB and alter the transcription of proteins in the brain [225]. Glucocorticoids
bind to the glucocorticoid receptor (GR), resulting in disassociation from the heat-shock protein, and
promoting a structural change of the receptor that enables the glucocorticoid-GR complex to enter
the nucleus. The glucocorticoid-GR complex binds to the glucocorticoid response element on the
DNA, resulting in the activation of transcription of immune-mediator genes, among others [223,226].
Therefore, stress hormones, such as cortisol, have the ability to regulate the immune system. However,
HPA is not the only neuroendocrinological network that can interact with the immune system. The SAM
is also activated by stress, leading to the release of catecholamines (e.g., epinephrine and norepinephrine)
in the adrenal medulla in response to stress [134,227]. Catecholamines have been found to regulate the
synthesis of immune system mediators through β-adrenergic receptor stimulation [226], suggesting an
alternative pathway that links the neuroendocrine and immunological systems.

ME/CFS patients show heightened negative feedback inhibition of the HPA axis, which is
associated with hypocortisolism and heightened GR sensitivity [224]. As a result, patients with
ME/CFS often show heightened immune responses owing to the combined effects of chronic stress
with activated microglia [130,223] and increased HPA-axis sensitivity [224]. The HPA axis has been of
great importance for the understanding of the pathophysiology of the disease, since the consequences
of its alteration, such as hypocortisolism, have allowed us to understand the persistence of an altered
immune status, the high risk of infections and the generation of humoral autoreactivity.
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Although the metabolic sphere is not part of the aetiopathological pillars of the disease, it is
clear that it is a physiological aspect compromised in patients with ME/CSF. The dysregulation of the
energetic metabolism can be understood as the tip of the iceberg, which will trigger the symptomatology
experienced by the patient. However, the etiology of this metabolic imbalance in ME/CSF has not yet
been understood, which is most likely because it is a pathological process that is the product of complex
multisystemic interactions. Studies on metabolism and CFS suggest irregularities in energy metabolism,
amino acid metabolism, nucleotide metabolism, nitrogen metabolism, hormone metabolism, and
oxidative stress metabolism [228,229]. The overwhelming body of evidence suggests an oxidative
environment with the minimal utilization of mitochondria for efficient energy production, leading to
thoughts of some type of etiology in this organelle, but as we have seen previously, apparently the
mitochondria are affected with the course of the disease [230]. As well as throughout the review, more
studies are needed to understand which is the metabolic pathway that is first affected or which is the
most altered in order to understand where to direct the etiological search in this complicated disease.

ME/CFS remains a challenge for the biomedical community. Pathophysiological research should
follow two strategies. The first consists of distinguishing ME/CFS from other disorders. The characteristic
pathophysiology of chronic fatigue in neurological disorders, or during cancer, or in inflammatory
diseases such as rheumatoid arthritis, should be compared with the fatigue in ME/CFS. The second
strategy consists of investigating the similarities and dissimilarities in functional somatic syndromes.
Modern neurosciences offer some explanatory models, which might bridge the gap between somatic
and psychological models for ME/CFS and other functional somatic syndromes [225].

Due to the unclear aetiology, diagnostic uncertainty, and the resultant heterogeneity of the ME/CFS,
there are no established treatment recommendations in the clinical practice [32]. Systematic reviews
have investigated the effectiveness of several ME/CFS treatments [231,232]. Cognitive behavior therapy
(CBT) and graded exercise therapy (GET) are some of the few interventions that are proposed as
beneficial in improving quality of life [233], but these remain controversial and have been recently
criticized by others [234].

In practice, pharmacological or non-pharmacological treatments have been directed toward
relieving symptoms and improving quality of life [32]. Table 3 shows some of the treatments that
are being studied for the relief of symptomatology in patients with CFS/ME. Several randomized
control trials have shown improvement in the most disabling symptoms with the use of certain
drugs [189,213,218,231,235]. Additionally, there are studies that have proven significant improvement
of the symptomatology using a drug together with an adjuvant; this is the case of the use of the selective
inhibitors of the reuptake of serotonin, which were studied alongside Dengzhanshengmai capsules,
which are a traditional Chinese medicine, resulting in a significant improvement in general fatigue,
as well as in mental and physical health [214]. However, it should be clarified that more studies are
required to reproduce these conclusions and results in order to provide more scientific sustenance so
that a pharmaceutical indication can exist. There has also been insufficient evidence of the effectiveness
of pharmacological, supplementary, complementary, and other interventions [32,54]; treatment with
anticholinergics, hormones, nicotinamide adenine dinucleotide, and antidepressants have been studied
without conclusive results [236,237]. Similar to many patients with other chronic diseases for which
conventional medicine has been unable to provide relief, those with ME/CFS use alternative treatments
with unknown outcomes. These treatments include megavitamins, energy healing, herbal therapies,
and special diets [219]. However, controlled studies to clarify the real effectiveness of these therapies
do not exist.

Longitudinal studies of varying duration have shown that although 17–64% of the patients with
ME/CFS improve, less than 10% fully recover, and another 10–20% worsen during follow-up [238].
Older age, longer illness duration, fatigue severity, comorbid psychiatric illness, and a physical
attribution are some risk factors that worsen the prognosis of the patient [46]. As expected, children
and adolescents appear to recover more rapidly and tend not to have recurrences of the disease in
the future.
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During this review we have seen that various biomarkers have been chosen to explain many
of the pathophysiological processes involved in the aetiology of the disease; nonetheless the results
of the different studies on these biomarkers are inconclusive, and do not define a clear pathological
process. This review proposes a physiopathological hypothesis, using many of the results that have
emerged from the molecular studies of ME/CFS. Although the scientific community has come to
propose reproducible molecular bases, only the molecular explanation of some of the symptomatology
of the disease has been achieved. For example, the biomolecular reason for fatigue and lack of energy
has clearly been explained by many authors, such as Rasa et. al., proposing both a mitochondrial
dysfunction and an alteration in the use of energy by myocytes [239]. However, in this example,
the mitochondrial alteration does not necessarily explain the totality of the symptomatology and
the aetiology of this alteration is still not clear. Other studies have proposed an infectious aetiology;
however, as with other attempts, not all patients that have ME/CFS have an infection in the onset of
the disease [42,240]. Taking this into account, we can conclude that the studies on the biomarkers
involved in the disease present frustrating results for the research groups that aim to understand the
biomolecular bases of the disease in order to generate strategies for effective treatments.

More knowledge about the psychoneurobiology of ME/CFS and the natural history of the disease
is needed to improve our understanding of this illness, and thereafter to allow the development of
more effective treatments that can significantly improve the quality of life for patients, and lead them
to recover their functionality in the shortest possible time.
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170. Čikoš, Š.; Bukovská, A.; Koppel, J. Relative quantification of mRNA: Comparison of methods currently used
for real-time PCR data analysis. BMC Mol. Biol. 2007, 8, 1–14. [CrossRef]

171. Presson, A.P.; Sobel, E.M.; Papp, J.C.; Suarez, C.J.; Whistler, T.; Rajeevan, M.S.; Vernon, S.D.; Horvath, S.
Integrated weighted gene co-expression network analysis with an application to chronic fatigue syndrome.
BMC Syst. Biol. 2008, 2, 1–21. [CrossRef]

172. Trivedi, M.S.; Oltra, E.; Sarria, L.; Rose, N.; Beljanski, V.; Fletcher, M.A.; Klimas, N.G.; Nathanson, L.
Identification of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome-associated DNA methylation patterns.
PLoS ONE 2018, 13, e0201066. [CrossRef]

173. Falkenberg, V.R.; Whistler, T.; Murray, J.R.; Unger, E.R.; Rajeevan, M.S. Acute Psychosocial Stress-Mediated
Changes in the Expression and Methylation of Perforin in Chronic Fatigue Syndrome. Genet. Epigenet. 2013,
5, 1–9. [CrossRef]

34



Diagnostics 2019, 9, 91

174. Suarez-alvarez, B.; Rodriguez, R.M.; Fraga, M.F.; López-Larrea, C. DNA methylation: A promising landscape
for immune system-related diseases. Trends Genet. 2012, 28, 506–514. [CrossRef]

175. De Vega, W.C.; Vernon, S.D.; McGowan, P.O. DNA Methylation Modifications Associated with Chronic
Fatigue Syndrome. PLoS ONE 2014, 9, 1–11. [CrossRef]

176. Petronis, A. Epigenetics as a unifying principle in the aetiology of complex traits and diseases. Nature 2010,
465, 721–727. [CrossRef]

177. Martino, D.; Loke, Y.J.; Gordon, L.; Ollikainen, M.; Cruickshank, M.N.; Saffery, R.; Craig, J.M. Longitudinal,
genome-scale analysis of DNA methylation in twins from birth to 18 months of age reveals rapid epigenetic
change in early life and pair-specific effects of discordance. Genom. Biol. 2013, 14, 1–14. [CrossRef]

178. Rajeevan, M.S.; Dimulescu, I.; Murray, J.; Falkenberg, V.R.; Unger, E.R. Pathway-focused genetic evaluation
of immune and inflammation related genes with chronic fatigue syndrome. Hum. Immunol. 2015, 76, 553–560.
[CrossRef]

179. Smith, A.K.; Fang, H.; Whistler, T.; Unger, E.R.; Rajeevan, M.S. Convergent genomic studies identify
association of GRIK2 and NPAS2 with chronic fatigue syndrome. Neuropsychobiology 2011, 64, 183–194.
[CrossRef]

180. Smith, A.K.; Dimulescu, I.; Falkenberg, V.R.; Narasimhan, S.; Heim, C.; Vernon, S.D.; Rajeevan, M.S. Genetic
evaluation of the serotonergic system in chronic fatigue syndrome. Psychoneuroendocrinology 2008, 33, 188–197.
[CrossRef]

181. Sommerfeldt, L.; Portilla, H.; Jacobsen, L.; Gjerstad, J.; Wyller, V.B. Polymorphisms of adrenergic
cardiovascular control genes are associated with adolescent chronic fatigue syndrome. Acta Paediatr.
2011, 100, 293–298. [CrossRef]

182. Meyer-lindenberg, A.; Kohn, P.D.; Kolachana, B.; Kippenhan, S.; McInerney-Leo, A.; Nussbaum, R.;
Weinberger, D.R.; Berman, K.F. Midbrain dopamine and prefrontal function in humans: Interaction and
modulation by COMT genotype. Nat. Neurosci. 2005, 8, 594–596. [CrossRef]

183. Marshall-gradisnik, S.; Johnston, S.; Chacko, A.; Nguyen, T.; Smith, P.; Staines, D. Single nucleotide
polymorphisms and genotypes of transient receptor potential ion channel and acetylcholine receptor genes
from isolated B lymphocytes in myalgic encephalomyelitis/chronic fatigue syndrome patients. J. Int. Med.
Res. 2016, 44, 1381–1394. [CrossRef]

184. Smith, A.K.; White, P.D.; Aslakson, E. Polymorphisms in genes regulating the HPA axis associated with
empirically delineated classes of unexplained chronic fatigue. Pharmacogenomics 2006, 7, 387–394. [CrossRef]

185. Rajeevan, M.S.; Smith, A.K.; Dimulescu, I. Glucocorticoid receptor polymorphisms and haplotypes associated
with chronic fatigue syndrome. Genes Brain Behav. 2007, 6, 167–176. [CrossRef]

186. Bozzinp, S.; Silvestrp, A.D.E.; Pizzocher, C.; Loruss, L.; Martinettp, M.; Cuccin, M. Molecular study of
receptor for advanced glycation endproduct gene promoter and identification of specific hla haplotypes
possibly involved in chronic fatigue syndrome‘ Genetics and Microbiology Department, University ofPavia; ‘
Biometric Unit, Founda. Int. J. Immunopathol. Pharmacol. 2009, 22, 745–754.

187. Smith, J.; Fritz, E.L.; Kerr, J.R.; Cleare, A.J.; Wessely, S. Association of chronic fatigue syndrome with human
leucocyte antigen class II alleles. J. Clin. Pathol. 2005, 58, 860–863. [CrossRef]

188. Petty, R.D.; McCarthy, N.E.; Dieu, R.L.; Kerr, J.R. MicroRNAs hsa-miR-99b, hsa-miR-330, hsa-miR-126 and
hsa-miR-30c: Potential Diagnostic Biomarkers in Natural Killer (NK) Cells of Patients with Chronic Fatigue
Syndrome (CFS)/Myalgic Encephalomyelitis (ME). PLoS ONE 2016, 11, 1–19. [CrossRef]

189. Collatz, A.; Johnston, S.C.; Staines, D.R.; Marshall-Gradisnik, S.M. A Systematic Review of Drug Therapies
for Chronic Fatigue Syndrome/Myalgic Encephalomyelitis. Clin. Ther. 2016, 38, 1263–1271. [CrossRef]

190. Olson, L.G.; Ambrogetti, A.; Sutherland, D.C. A Pilot Randomized Controlled Trial of Dexamphetamine in
Patients with Chronic Fatigue Syndrome. Psychosomatics 2003, 44, 38–43. [CrossRef]

191. Hickie, I. Nefazodone for Patients with Chronic Fatigue Syndrome. Aust. N. Z. J. Psychiatry 1999, 33, 278–280.
[CrossRef]

192. Mitchell, W.M. Efficacy of rintatolimod in the treatment of chronic fatigue syndrome/myalgic
encephalomyelitis (CFS/ME). Expert Rev. Clin. Pharmacol. 2016, 9, 755–770. [CrossRef]

193. Strayer, D.R.; Carter, W.A.; Stouch, B.C.; Stevens, S.R.; Bateman, L.; Cimoch, P.J.; Lapp, C.W.; Peterson, D.L.;
Mitchell, W.M. A double-blind, placebo-controlled, randomized, clinical trial of the TLR-3 agonist rintatolimod
in severe cases of chronic fatigue syndrome. PLoS ONE 2012, 7, 1–9. [CrossRef]

35



Diagnostics 2019, 9, 91

194. Malaguarnera, M.; Gargante, M.P.; Cristaldi, E.; Colonna, V.; Messano, M.; Koverech, A.; Neri, S.; Vacante, M.;
Cammalleri, L.; Motta, M. Acetyl l-carnitine (ALC) treatment in elderly patients with fatigue. Arch. Gerontol.
Geriatr. 2008, 46, 181–190. [CrossRef]

195. Kerr, J.R.; Cunniffe, V.S.; Kelleher, P.; Bernstein, R.M.; Bruce, I.N. Successful intravenous immunoglobulin
therapy in 3 cases of parvovirus B19-associated chronic fatigue syndrome. Clin. Infect. Dis. 2003, 36, 100–106.
[CrossRef]

196. Zanelli, S.; Solenski, N.; Rosenthal, R.; Fiskum, G. Mechanisms of ischemic Neuroprotection by
Acetyl-L-carnetine. Ann. N. Y. Acad. Sci. 2005, 1053, 153–161. [CrossRef]

197. Mitchell, W.M.; Nicodemus, C.F.; Carter, W.A.; Horvath, J.C.; Strayer, D.R. Discordant biological and
toxicological species responses to TLR3 activation. Am. J. Pathol. 2014, 184, 1062–1072. [CrossRef]

198. Bonnet, U. Moclobemide: Therapeutic Use and Clinical Studies. CNS Drug Rev. 2003, 9, 97–140. [CrossRef]
199. Young, J.L. Use of lisdexamfetamine dimesylate in treatment of executive functioning deficits and chronic

fatigue syndrome: A double blind, placebo-controlled study. Psychiatry Res. 2013, 207, 127–133. [CrossRef]
200. Blitshteyn, S.; Chopra, P. Chronic Fatigue Syndrome: From Chronic Fatigue to More Specific Syndromes.

Eur. Neurol. 2018, 80, 73–77. [CrossRef]
201. Craig, C. Mitoprotective dietary approaches for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome:

Caloric restriction, fasting, and ketogenic diets. Med. Hypotheses 2015, 85, 690–693. [CrossRef]
202. Shungu, D.; Weiduschat, N.; Murrough, J.; Mao, X. Increased ventricular lactate in chronic fatigue syndrome.

III. Relationships to cortical glutathione and clinical symptoms implicate oxidative stress in disorder
pathophysiology. NMR Biomed. 2012, 25, 1073–1087. [CrossRef]

203. Maes, M.; Mihaylova, I.; Kubera, M.; Uytterhoeven, M.; Vrydags, N.; Bosmans, E. Increased
8-hydroxy-deoxyguanosine, a marker of oxidative damage to DNA, in major depression and myalgic
encephalomyelitis/chronic fatigue syndrome. Neuroendocrinol. Lett. 2009, 30, 675–682.

204. Anand, S.K.; Tikoo, S.K. Viruses as modulators of mitochondrial functions. Adv. Virol. 2013, 2013, 1–17.
[CrossRef]

205. Maes, M.; Mihaylova, I.; Kubera, M.; Uytterhoeven, M.; Vrydags, N.; Bosmans, E. Coenzyme Q10 deficiency
in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is related to fatigue, autonomic and
neurocognitive symptoms and is another risk factor explaining the early mortality in ME/CFS due to
cardiovascular disorder. Neuro Endocrinol. Lett. 2009, 30, 470–476.

206. Mattson, M.P. Challenging oneself intermittently to improve health. Dose-Response 2014, 12, 600–618.
[CrossRef]

207. Wang, X.; Qu, Y.; Zhang, Y.; Li, S.; Sun, Y.; Chen, Z.; Teng, L.; Wang, D. Antifatigue Potential Activity
of Sarcodon imbricatus in acute excise-treated and chronic fatigue syndrome in mice via regulation of
Nrf2-mediated oxidative stress. Oxid. Med. Cell. Longev. 2018, 2018, 9140896. [CrossRef]

208. Shimazu, T.; Hirschey, M.D.; Newman, J.; He, W.; Moan, N.L.; Grueter, C.a.; Lim, H.; Laura, R.; Stevens, R.D.;
Newgard, C.B.; et al. Suppression of Oxidative Stress by B-Hydroxybutyrate, an Endogenous Histone
Deacetylase Inhibitor. Science 2013, 339, 211–214. [CrossRef]

209. Bjørklund, G.; Dadar, M.; Pen, J.J.; Chirumbolo, S.; Aaseth, J. Chronic fatigue syndrome (CFS): Suggestions for
a nutritional treatment in the therapeutic approach. Biomed. Pharmacother. 2019, 109, 1000–1007. [CrossRef]

210. Comhaire, F. Treating patients suffering from myalgic encephalopathy/chronic fatigue syndrome (ME/CFS)
with sodium dichloroacetate: An open-label, proof-of-principle pilot trial. Med. Hypotheses 2018, 114, 45–48.
[CrossRef]

211. Comhaire, F. Why do some ME/CFS patients benefit from treatment with sodium dichloroacetate, but others
do not? Med. Hypotheses 2018, 120, 65–67. [CrossRef]

212. Theoharides, T.C.; Asadi, S.; Weng, Z.; Zhang, B. Serotonin-selective reuptake inhibitors and nonsteroidal
anti-inflammatory drugs–important considerations of adverse interactions especially for the treatment of
myalgic encephalomyelitis/chronic fatigue syndrome. J. Clin. Psychopharmacol. 2011, 31, 403–405. [CrossRef]

213. Kumar, A.; Garg, R. Protective effects of antidepressants against chronic fatigue syndrome-induced behavioral
changes and biochemical alterations. Fundam. Clin. Pharmacol. 2009, 23, 89–95. [CrossRef]

214. Li, D.Q.; Li, Z.C.; Dai, Z.Y. Selective serotonin reuptake inhibitor combined with dengzhanshengmai capsule
improves the fatigue symptoms: A 12-week open-label pilot study. Int. J. Clin. Exp. Med. 2015, 8,
11811–11817.

36



Diagnostics 2019, 9, 91

215. Beth Smith, M.E.; Haney, E.; McDonagh, M.; Pappas, M.; Daeges, M.; Wasson, N.; Fu, R.; Nelson, H.D.
Treatment of myalgic encephalomyelitis/chronic fatigue syndrome: A systematic review for a National
Institutes of health pathways to prevention workshop. Ann. Intern. Med. 2015, 162, 841–850. [CrossRef]

216. Fluge, Ø.; Bruland, O.; Risa, K.; Storstein, A.; Kristoffersen, E.K.; Sapkota, D.; Næss, H.; Dahl, O.; Nyland, H.;
Mella, O. Benefit from B-lymphocyte depletion using the anti-CD20 antibody rituximab in chronic fatigue
syndrome. A double-blind and placebo-controlled study. PLoS ONE 2011, 6, e26358. [CrossRef]

217. Fluge, Ø.; Risa, K.; Lunde, S.; Alme, K.; Rekeland, I.G.; Sapkota, D.; Kristoffersen, E.K.; Sørland, K.;
Bruland, O.; Dahl, O.; et al. B-Lymphocyte Depletion in Myalgic Encephalopathy/Chronic Fatigue Syndrome.
An Open-Label Phase II Study with Rituximab Maintenance Treatment. PLoS ONE 2015, 10, e0129898.
[CrossRef]

218. Chambers, D.; Bagnall, A.M.; Hempel, S.; Forbes, C. Interventions for the treatment, management and
rehabilitation of patients with chronic fatigue syndrome/myalgic encephalomyelitis: An updated systematic
review. J. R. Soc. Med. 2006, 99, 506–520.

219. Castro-Marrero, J.; Sáez-Francás, N.; Santillo, D.; Alegre, J. Treatment and management of chronic fatigue
syndrome/myalgic encephalomyelitis: All roads lead to Rome. Br. J. Pharmacol. 2017, 174, 345–369. [CrossRef]

220. Corbitt, M.; Campagnolo, N.; Staines, D.; Marshall-Gradisnik, S. A Systematic Review of Probiotic
Interventions for Gastrointestinal Symptoms and Irritable Bowel Syndrome in Chronic Fatigue
Syndrome/Myalgic Encephalomyelitis (CFS/ME). Probiotics Antimicrob. Proteins 2018, 1, 1–12. [CrossRef]

221. Molina-Holgado, E.; Molina-Holgado, F. Mending the broken brain: Neuroimmune interactions in
neurogenesis: REVIEW. J. Neurochem. 2010, 114, 1277–1290.

222. Yirmiya, R.; Goshen, I. Immune modulation of learning, memory, neural plasticity and neurogenesis.
Brain Behav. Immun. 2011, 25, 181–213. [CrossRef]

223. De Pablos-Velasco, P.; Parhofer, K.G.; Bradley, C.; Eschwège, E.; Gönder-Frederick, L.; Maheux, P.; Wood, I.;
Simon, D. Current level of glycaemic control and its associated factors in patients with type 2 diabetes across
Europe: Data from the PANORAMA study. Clin. Endocrinol. 2014, 80, 47–56. [CrossRef]

224. Yehuda, R.; Bierer, L.; Sarapas, C.; Makotkine, I.; Andrew, R. Cortisol metabolic predictors of response to
psychotherapy for symtpms of PTSD in survivors of the World Trade Center attacks on September 11, 2001.
Psychoneuroendocrinology 2009, 34, 1304–1312. [CrossRef]

225. Wessely, S.; White, P.D. There is only one functional somatic syndrome. Br. J. Psychiatry 2004, 185, 95–96.
[CrossRef]

226. Rhen, T.; Cidlowski, J.A. Antiinflammatory Action of Glucocorticoids—New Mechanisms for Old Drugs.
N. Engl. J. Med. 2005, 353, 1711–1723. [CrossRef]

227. Liberzon, I.; King, A.P.; Britton, J.C.; Phan, K.L.; Abelson, J.L.; Taylor, S.F. Paralimbic and Medial Prefrontal
Cortical Involvement in Neuroendocrine Responses to Traumatic Stimuli. Am. J. Psychiatry 2007, 164,
1250–1258. [CrossRef]

228. Armstrong, C.W.; McGregor, N.R.; Butt, H.L.; Gooley, P.R. Metabolism in chronic fatigue syndrome. Adv. Clin.
Chem. 2014, 66, 121–172.

229. Germain, A.; Ruppert, D.; Levine, S.M.; Hanson, M.R. Metabolic profiling of a myalgic
encephalomyelitis/chronic fatigue syndrome discovery cohort reveals disturbances in fatty acid and lipid
metabolism. Mol. Biosyst. 2017, 13, 371–379. [CrossRef]

230. Gerwyn, M.; Maes, M. Mechanisms Explaining Muscle Fatigue and Muscle Pain in Patients with Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS): A Review of Recent Findings. Curr. Rheumatol.
Rep. 2017, 19, 1. [CrossRef]

231. Lloyd, A.; Hickie, I.; Wakefield, D.; Boughton, C.; Dwyer, J.; Australia, S. A Double-Blind, Placebo-Controlled
Trial of Intravenous Immunoglobulin Therapy in Patients with Chronic Fatigue Syndrome. Am. J. Med. 1989,
89, 561. [CrossRef]

232. Price, J.R.; Mitchell, E.; Tidy, E.; Hunot, V. Cognitive behaviour therapy for chronic fatigue syndrome in
adults. Cochrane Database Syst. Rev. 2008. [CrossRef]

233. White, P.D.; Goldsmith, K.A.; Johnson, A.L.; Potts, L.; Walwyn, R.; DeCesare, J.C.; Baber, H.L.; Burgess, M.;
Clark, L.V.; Cox, D.L.; et al. Comparison of adaptive pacing therapy, cognitive behaviour therapy, graded
exercise therapy, and specialist medical care for chronic fatigue syndrome (PACE): A randomised trial. Lancet
2011, 377, 823–836. [CrossRef]

37



Diagnostics 2019, 9, 91

234. Wilshire, C.E.; Kindlon, T. Response: Sharpe, Goldsmith and Chalder fail to restore confidence in the PACE
trial findings. BMC Psychol. 2019, 7, 19. [CrossRef]

235. Peterson, P.K.; Pheley, A.; Schroeppel, J.; Schenck, C.; Marshall, P.; Kind, A.; Haugland, J.M.; Lambrecht, L.J.;
Swan, S.; Goldsmith, S. A Preliminary Placebo-Controlled Crossover Trial of Fludrocortisone for Chronic
Fatigue Syndrome. Arch. Intern. Med. 1998, 158, 908. [CrossRef]

236. Rowe, P.C.; Calkins, H.; DeBusk, K.; McKenzie, R.; Anand, R.; Sharma, G.; Cuccherini, B.A.; Soto, N.;
Hohman, P.; Snader, S.; et al. Fludrocortisone Acetate to Treat Neurally Mediated Hypotension in CFS. JAMA
2001, 285, 52–59. [CrossRef]

237. Vercoulen, J.H.; Swanink, C.M.; Fennis, J.F.; Galama, J.M.; van der Meer, J.W.; Bleijenberg, G. Randomised,
double-blind, placebo-controlled study of fluoxetine in chronic fatigue syndrome. Lancet 1996, 347, 858–861.
[CrossRef]

238. Vercoulen, J.H.; Swanink, C.M.; Fennis, J.F.; Galama, J.M.; van der Meer, J.W.; Bleijenberg, G. Prognosis in
chronic fatigue syndrome: A prospective study on the natural course. J. Neurol. Neurosurg. Psychiatry 1996,
60, 489–494. [CrossRef]

239. Rasa, S.; Nora-Krukle, Z.; Henning, N.; Eliassen, E.; Shikova, E.; Harrer, T.; Scheibenbogen, C.; Murovska, M.;
Prusty, B.K. Chronic viral infections in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).
J. Transl. Med. 2018, 16, 268. [CrossRef]

240. Ahn, B.H.; Kim, H.S.; Song, S.; Lee, I.H.; Liu, J.; Vassilopoulos, A.; Deng, C.X.; Finkel, T. A role for the
mitochondrial deacetylase Sirt3 in regulating energy homeostasis. Proc. Natl. Acad. Sci. USA 2008, 105,
14447–14452. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

38



diagnostics

Review

Pathological Mechanisms Underlying Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome

Daniel Missailidis, Sarah J. Annesley and Paul R. Fisher *

Department of Physiology Anatomy and Microbiology, La Trobe University, VIC 3086, Australia
* Correspondence: P.Fisher@latrobe.edu.au; Tel.: +61-4-3756-8771

Received: 18 June 2019; Accepted: 19 July 2019; Published: 20 July 2019

Abstract: The underlying molecular basis of myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS) is not well understood. Characterized by chronic, unexplained fatigue, a disabling payback
following exertion (“post-exertional malaise”), and variably presenting multi-system symptoms,
ME/CFS is a complex disease, which demands a concerted biomedical investigation from disparate
fields of expertise. ME/CFS research and patient treatment have been challenged by the lack of
diagnostic biomarkers and finding these is a prominent direction of current work. Despite these
challenges, modern research demonstrates a tangible biomedical basis for the disorder across many
body systems. This evidence is mostly comprised of disturbances to immunological and inflammatory
pathways, autonomic and neurological dysfunction, abnormalities in muscle and mitochondrial
function, shifts in metabolism, and gut physiology or gut microbiota disturbances. It is possible
that these threads are together entangled as parts of an underlying molecular pathology reflecting a
far-reaching homeostatic shift. Due to the variability of non-overlapping symptom presentation or
precipitating events, such as infection or other bodily stresses, the initiation of body-wide pathological
cascades with similar outcomes stemming from different causes may be implicated in the condition.
Patient stratification to account for this heterogeneity is therefore one important consideration during
exploration of potential diagnostic developments.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; ME/CFS; diagnosis; metabolism;
mitochondria; inflammation; immune system; signaling; gut microbiota

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) encompasses diverse symptoms
that manifest variably across a range of body systems, the characteristic symptoms being chronic
unexplained fatigue (lasting more than 6 months) and post-exertional malaise (PEM)—a disabling and
exacerbated disease state following bouts of physical or mental exertion that exceed a patient-specific
threshold. ME/CFS also entails a varied kaleidoscope of other symptoms including muscle weakness,
migraine, flu-like symptoms, cognitive impairment (“brain fog”), and sensitivities to a variety of external
stimuli that may include light, sound, or specific odors. This can be accompanied by comorbidities,
such as fibromyalgia, postural orthostatic tachycardia (POTS), and Ehlers–Danlos syndrome.

A major challenge for this field of study has been the varied usage of multiple diagnostic case
criteria that may render comparison between studies difficult depending on the composition of the
participant cohort. Furthermore, these criteria are slow processes of exclusion that leave patients
without the support or acknowledgment that they need for extended periods and they may be subjected
to a protracted, harsh, and insensitive diagnostic gauntlet. These problems are further compounded
by medical guidelines in some developed countries that are out of date regarding ME/CFS clinical
practice and require urgent overdue revision.

Case definitions, such as the commonly termed Oxford [1] or Fukuda [2] criteria, are most often
utilized throughout the UK and USA, respectively, yet may fail to discriminate between generalized
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chronic fatigue and ME/CFS which specifically also involves PEM, which aids in characterizing this
disorder as a discrete clinical entity. Also in usage are the Canadian Consensus Criteria [3] and
International Consensus Criteria [4], which mandate PEM for a diagnosis of ME/CFS and therefore
may be considered more specific definitions. While the presence of PEM is an optional component of
the Fukuda criteria, PEM is, unfortunately, not required for research participation by all studies using
this or other less strict definitions. Consequently, the discovery of a reliable diagnostic biomarker is
perhaps the most common recurring theme in modern ME/CFS research. Despite myriad relevant
study outcomes [5–16], no such discovery has yet been widely validated or implemented as a suitable
diagnostic biomarker of ME/CFS.

Not only does ME/CFS affect multiple body systems and organs, but it does so with different
and time-varying levels of severity and different patterns of comorbidities in different individuals,
thereby producing a highly heterogeneous patient population [7,17–23]. This complexity represents
a major challenge to the task of incriminating one underlying pathological mechanism. It is also
possible that different causative molecular insults result in different subsequent clinical presentations
and this could contribute towards heterogeneity in the disorder. Patient subtyping to manage this
heterogeneity has been previously discussed in the field [20,23] and is lent credence by reproduced
patterns of differential disease-associated gene expression [24–26], gene expression profiles concurrent
with comorbid POTS [27], distinct DNA methylation profiles associated with quality of life scores and
PEM [28], severity and frequency of physical or mental fatigue [29], or irritable bowel syndrome (IBS)
comorbidity [30], which can be concurrent with specific changes to patient metabolism [31]. As timely,
objective, and accurate diagnosis remains the most clear challenge facing the field, patient subtyping
may be an important component of new diagnostic techniques and has seen early investigation with
stratification-based severity scores [32] or cytokine co-expression patterns [33].

In summation, ME/CFS etiology has been difficult to pin down due to the combination of a
diagnostic quagmire and the disorder’s heterogeneous symptom presentation across multiple body
systems. A traditional view has held that ME/CFS onset is often precipitated by some manner of bodily
insult, commonly infection, however, the disorder is left without any known single causative pathogen
to date. Given the heterogeneity of the patient population, this is unsurprising. It is possible that the
initial pathological insult may not always be pathogen-mediated and could instead be instigated by
alternative stresses of sufficient magnitude as to nudge homeostatic regulation loops into alternative
stable states [34], and these varying modes of initial insult may contribute to the heterogeneity of
ME/CFS clinical presentation.

Current research shows a tangible biomedical foundation underlying this clinical puzzle. Most of
this evidence pertains to disturbed muscle function, metabolism, mitochondria, immunity, signaling,
neurological, adrenal, and gut health. It is possible that these threads are together entangled as parts
of an underlying molecular pathology reflecting a far-reaching homeostatic shift influencing each of
these systems, perhaps differentially between individuals with varying clinical features. Furthermore,
evidence of abnormalities affecting multiple systems is based on associations and the causal mechanisms
responsible for the underlying pathology have yet to be determined. The following sections will
address the current evidence for dysfunction across these systems in ME/CFS with specific examples of
potential pathological interactions.

2. Abnormal Metabolism and Mitochondrial Function

The nature of the persistent fatigue and PEM experienced by patients renders the area of cellular
energetics fertile ground for investigation. However, in the intervening years since early studies [35–37],
mitochondria had been largely neglected in the field until their re-emergence as an area of interest
during the last 10 years [9]. The recent interest in this area has since generated a basis to support some
manner of both mitochondrial and broader metabolic dysfunction in ME/CFS.
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2.1. Dysregulated Amino Acid Metabolism and Impaired Provision of TCA Cycle Substrate

This accumulation of evidence supporting dysregulated metabolism and mitochondrial energetics
in ME/CFS has taken place across many experimental areas. There have been recent studies utilizing
the metabolomics approach, which captures a quantitative snapshot of steady-state metabolite levels
in a sample to infer underlying biochemical pathway modulation, typically achieved by either mass
spectrometry (MS) or nuclear magnetic resonance (NMR) spectroscopy applications. The first of these
studies used NMR to interrogate analytes within ME/CFS blood samples and reported decreases
in glutamine and ornithine concentrations, suggesting abnormal amino acid metabolism linked to
urea cycle dysregulation [38]. A subsequent study utilizing MS conversely reported an elevation in
ornithine concentration with a decrease in citrulline, but this also suggests urea cycle dysregulation [6].

Subsequent work undertaken by the authors of the first study proposed that impaired glycolytic
formation of pyruvate could be providing less downstream oxidized pyruvate derivatives to be used
as substrate for the tricarboxylic acid (TCA) cycle [39]. Work by others suggested that instead of a
reduction in the glycolytic pyruvate supply, a deficiency in pyruvate dehydrogenase (PDH) function
may form a bottleneck for the provision of TCA cycle substrate [40]. These and the previous amino
acid discrepancies could be due to differences in techniques (NMR vs. MS) and thus the range of
detectable molecules. What could be taken from both lines of approach—supported by data from other
similar studies [6,13,31] and one cell culture study [41]—is that there may be some manner of TCA
cycle disturbance in ME/CFS, possibly one that is substrate supply-driven.

2.2. Inefficient ATP Synthesis and Abnormal Energy Stress Signaling

If the TCA cycle output of oxidative phosphorylation (OXPHOS) complex substrates is reduced by
such a glycolysis [39] or PDH [40] defect, one might expect disturbances in cellular energy production
in ME/CFS cells. There have been several studies which report a reduction of steady-state ATP
levels [9,42,43], yet other studies have reported an elevation [44]. However, these steady-state measures
do not provide information as to the metabolic flux (rates of production and depletion) of the molecule
of interest. Real-time parameters of aerobic respiration and glycolysis can be measured in live cells
by extracellular flux assays, which measure oxygen consumption rates (OCRs) and extracellular
acidification rates (ECARs) using intact cells. Published studies of this type both found no significant
difference in absolute ATP synthesis rates between the ME/CFS and control cells [41,45]. However,
this does not necessarily mean that there is no ATP synthesis defect, since a defect/inefficiency in ATP
synthesis could be offset by compensatory homeostatic mechanisms.

The homeostatic regulation of cellular energy metabolism is centered on two stress-sensing protein
kinases, AMP-activated protein kinase (AMPK) [46] and target of rapamycin (TOR) [47], which play
key, often mutually inhibitory, roles. If their activities are chronically dysregulated by metabolic
abnormalities and energy insufficiencies in ME/CFS cells, they may be unable to respond to additional
energy demand. This is supported by reports of AMPK in muscle cells from people with ME/CFS
being unresponsive to stimulation by contraction-induced ATP depletion [43,48]. Such insensitivity
could result from AMPK already being in an activated state in these cells, or to its inhibition by
chronically hyperactivated TOR complex 1 (TORC1). Elevated TORC1 activity was recently observed in
ME/CFS cells (lymphoblasts) and this was accompanied by inefficient mitochondrial ATP synthesis and
abnormally high and presumably compensatory expression of mitochondrial proteins [41]. Elevated
expression of mitochondrial proteins has also been found in other studies of patient saliva, lymphocytes,
and platelets [41,49–51]. Furthermore, reduced creatine kinase (CK) levels in the serum of people with
ME/CFS may suggest reduced cellular CK presence [15], which could contribute to inefficient ATP
synthesis given the enzyme’s roles in ATP homeostasis [52]. Despite the breadth of sample types tested
that suggest dysregulated energy metabolism (serum, urine, feces, muscle, B cells, lymphoblasts), it
remains to be directly demonstrated that the perturbation of the associated stress-sensing pathways is
systemic and this should be an area of future investigation.
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As noted above, glycolytic catabolism of glucose is a major supplier of acetyl coenzyme A (CoA)
to the TCA cycle, and this can be assayed in intact cells by measuring the rate of acidification of the
medium by cells provided with glucose as a substrate. This has been reported recently using natural
killer (NK) cells from a small sample of six patients and six healthy controls [53]. Although the authors
found no differences in aerobic respiration rates, they did observe a reduced glycolytic reserve in
the ME/CFS cells. The glycolytic reserve is a measure of the excess capacity of glycolysis to meet
cellular ATP demands when mitochondrial ATP synthesis by oxidative phosphorylation is inhibited.
This small study reported individual O2 consumption and extracellular acidification rates that were
either negative or very small positive values, placing them at the threshold of reliable detection.
This caveat also applies to heterogeneous peripheral blood mononuclear cell (PBMC) populations,
which are commonly used for extracellular flux respirometry and have been previously employed
in ME/CFS work [45]. This difficulty arises because peripheral blood lymphocytes are metabolically
quiescent [54] and this not only makes metabolic rate assays technically difficult, but it may obscure
differences in metabolism that would be apparent in actively metabolizing cells.

2.3. A Shift Towards Lipid Metabolism

The TCA cycle can also be provided with acetyl CoA produced by fatty acid beta-oxidation when
glucose-derived sources are insufficient [55]. If the provision of substrate to the TCA cycle is indeed
deficient in ME/CFS as previously suggested [31,39,40], a role for the compensatory elevation of fatty
acid metabolism could be implicated in the disorder [41]. Fatty acid synthesis and beta-oxidation
are regulated by both AMPK [56] and TORC1 [57]. AMPK promotes fatty acid beta-oxidation when
activated by elevated ATP demand and promotes fatty acid biosynthesis when inactive, while TORC1
exerts the opposite effects. AMPK and TORC1 regulate each other in a complex reciprocal feedback
network [58], so that it is also possible for scenarios to arise where both are simultaneously activated [59].
This raises the question: If both AMPK [43,48] and TORC1 [41] activities are elevated in ME/CFS cells,
would we expect the rates of fatty acid catabolism to be increased or decreased? An answer may be
found within the specific mechanisms of regulatory action of these pathways in lipid homeostasis.
Activation of TORC1 promotes fatty acid biosynthesis by elevating the expression of gene products
including acetyl-CoA carboxylase (ACC) through the upregulation of transcription factors Sterol
Regulatory Element Binding Proteins 1 and 2 (SREBP-1 and SREBP-2) [60]. ACC activity results in
an accumulation of malonyl CoA, which is a potent inhibitor of the mitochondrial import of fatty
acids for beta oxidation. ACC, however, is a primary regulatory target of AMPK and is inactivated
by phosphorylation when AMPK is activated [61]. In this way, the concurrent activation of AMPK
and TORC1, if it does indeed occur in ME/CFS cells, may allow AMPK to constrain the effects of
TORC1’s upregulation of lipid-biosynthesis and downregulation of beta-oxidation. At the same time,
both AMPK and TORC1 directly or indirectly induce the expression of diverse mitochondrial proteins,
including those involved in fatty acid beta oxidation. The combined effects could be a steady state
in which the cells have increased their use of beta oxidation relative to glycolysis as a supplier of
acetyl CoA to the TCA cycle. Fatty acid oxidation is normally upregulated as a supplementary energy
pathway during fasting or exercise as a response to reduced blood glucose concentration [62]. An
increased reliance on fatty acid oxidation, even at rest, may therefore also contribute to the inability for
people with ME/CFS to meet the elevated energy demands imposed by exertion. Such a switch to lipid
oxidation can be mediated by elevated inflammation [63] and in combination with the pathological
inflammation seen in patients [64] could be evidence of a pathological interaction between inflammation
and metabolism in ME/CFS.
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3. Disturbed Immunity, Signaling, and Inflammatory Pathways

3.1. NK Cells

The function of the immune system has been a focus of ME/CFS research for many years. Evidence
for immune dysfunction in ME/CFS has largely been sought through study of NK cells, which are
cytotoxic immune cells with roles in both the innate and adaptive immune responses. Multiple groups
have reported reduced NK cell cytotoxicity or numbers [65–69] combined with concordant alterations
to functional surface markers [70–72]. Conversely, other groups have reported increased cytotoxicity in
combination with alterations to functional surface markers. For example, perforin, a glycoprotein used
as a functional indicator of NK cell cytotoxicity due to its roles in NK cell mediated lysis [73,74], has
been reported as upregulated [71], downregulated [65], or, along with every other assessed phenotypic
parameter, unaltered in people with ME/CFS [75]. A recent, rigorous large-scale biobank study also
found no significant differences in NK cell numbers, subtype composition, or assessed functional
parameters [76]. In summation, NK research remains an area of active interest, but in light of conflicting
findings, the role of NK cells in the disorder is still not well understood.

3.2. Calcium Signaling

Calcium signaling is crucial to immune cell function [77] and is tied to the mitochondria
and endoplasmic reticulum as hubs of regulatory control and calcium storage [78]. Therefore, a
disturbance to calcium signaling could contribute to pathological outcomes involving immune system
or bioenergetic dysfunction, both of which have been implicated in ME/CFS. In addition to the previous
evidence of altered surface proteins on NK cells from ME/CFS patients, a reduction in the expression
of transient receptor potential melastatin 3 (TRPM3) calcium ion channels [79] has been reported in
a subpopulation of ME/CFS NK cells [80–82]. The reason for the reduced expression of TRPM3 in
these cells is unknown, but in other cell types, expression of TRPM3 is repressed by the activity of
microRNA-204 (miR-204), encoded by intron 6 of the TRPM3 gene [83]. However, miR-204 is not
amongst the microRNAs whose expression is reportedly altered in ME/CFS patients [84].

Reduced expression of TRPM3 receptors would be expected to cause a reduction in Ca2+ responses
to pregnenolone sulfate (PregS), a specific activating ligand for TRPM3 channels. However, the
opposite was observed when Ca2+ levels were assayed by flow cytometry using Indo1, a Ca2+-sensitive
fluorescent dye in the TRPM3-depleted NK cells [80]. Subsequent studies using whole cell patch
clamping, however, have reported a loss of PregS-stimulated Ca2+ responses [81,82].

3.3. Links to Mitochondrial Dysfunction

Cytosolic Ca2+ is a key element in the cell’s extensive homeostatic networks, such that Ca2+ signals
are regulated by and play regulatory roles in multiple processes in cells, including mitochondrial
respiratory activity [85] as well as mitochondrial protein import [86] and the ion transport activity of
TRPM3 itself [87], both of which are activated by Ca2+-calmodulin. The mitochondria serve as both
a source and a sink for cytosolic Ca2+ and the mitochondria interact closely with the endoplasmic
reticulum at sites that mediate the exchange of lipids and Ca2+ signals [88]. The mitochondria thus form
a hub of interaction between Ca2+ and other molecular signals that regulate mitochondrial function,
such as AMPK and TORC1 activity. In NK cells specifically, where the calcium-signaling defect has been
reported, TORC1 activity is required for both effector function and cytokine production [89–91] and it
has been suggested that the development of NK cell antiviral memory is influenced by mitochondrial
function [92]. The reports of altered NK effector function in ME/CFS could therefore also be related
to abnormal mitochondrial function and TOR signaling. Disrupted intracellular signaling and
mitochondrial function in ME/CFS have also been previously linked through myriad other pathways
provoked by immune-inflammation and oxidative stress [93].
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3.4. Inflammation

Chronic system-wide inflammation is thought to be central to ME/CFS in the clinical setting
as it is associated with symptom severity [64], but the evidence demonstrating a role for specific
pro-inflammatory cytokines is inconsistent. While there are indeed reports of the elevation of various
pro-inflammatory cytokines in ME/CFS [33,71,94–99], which would tie in with the chronic inflammation
in the clinical setting, these findings contrast with reports of reduced expression of pro-inflammatory
agents, such as interleukin-8 or transforming growth factor-beta1 [100,101]. Consequently, evidence
for the specific directional shift of individual cytokines has been previously summarized as largely
inconsistent [102]. Despite these issues, cytokine expression has been previously associated with
ME/CFS disease duration and may have value in aiding the stratification of patient cohorts [33,94].
One group has shown that a cohort of ME/CFS patients with leaky gut syndrome as a comorbidity may
undergo significant symptom remission when the IgM and IgA immune responses are attenuated by
treatment with anti-inflammatory and antioxidant medications [103,104]. This finding has contributed
towards the potential link between gut hyperpermeability and inflammation in ME/CFS. Therefore, it
is likely that dysregulated chronic inflammatory action by the immune system is an aspect of ME/CFS,
despite inconsistent reports.

3.5. Autoimmunity

Autoimmunity in the condition is an area that remains little researched, and has been most recently
summarized and presented as a hypothetical model for ME/CFS, with some ties to gut dysbiosis
and aberrant metabolism [105]. Other autoimmune models for ME/CFS have been previously based
on rituximab’s role in B cell depletion as a possible therapeutic based on the promising outcomes
of earlier studies [106,107]. This would be concordant with other reports of elevated naïve and
transitional B cells in patients, which may suggest autoimmune tendencies [108]. However, a role
for such B cell-mediated autoimmunity in the disorder is now challenged by the negative outcome
of the more recent rituximab phase III clinical trial [109], which refutes the previous rituximab work.
This may also indicate that autoimmunity only applies as a key pathomechanism in a small subset
of patients who respond positively to rituximab treatment [110]. Other direct lines of evidence for
autoimmune behavior in the disorder come from elevated autoantibody levels in sera [111], supported
by the improvement of symptoms following autoantibody removal treatment [112], and abnormal IgM
immune recognition of both microbial and human heat shock protein 60 in a subset of patients [113] or
against phosphatidylinositol [114], despite the absence of an infective pathogen in each case.

4. Implications of Altered Gut Microbiota and Physiology

A disturbed gut microbiota [12,115–121] has been proposed to play a role in ME/CFS. This is
accompanied by physiological gut abnormalities, such as impaired motility [122], elevated intestinal
wall permeability [103,104,123,124], and IBS comorbidity [31,125,126], which has been proposed to
comprise part of a ME/CFS subtype [30]. The implications of these disturbances could be far-reaching,
since the intestinal microbiota both regulates [127,128] and is regulated by [129,130] the immune
system. Additionally, many studies have demonstrated a link between the gut microbiota and host
mitochondrial function or metabolism, with disturbances in one resulting in subsequent dysfunction
in the other [131–136].

4.1. The Gut Microbiota and Metabolism

People with ME/CFS have been reported to present with gut microbiota disturbances and either
metabolite variation [31,118] or mitochondrial dysfunction [116] and the two conditions could be
linked. Sheedy et al. observed elevated Gram positive intestinal bacteria, which produce lactic acid that
may lower the gut pH and lead to elevated gut permeability [137]. Furthermore, the translocation of
these enteric lactic acid products into the bloodstream could contribute to the elevated lactate reported
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in the cerebrospinal fluid of ME/CFS patients [138–140] and in the blood of a subgroup of patients [141].
This contrasts with reports of reduced blood lactate as measured by H-NMR metabolomics [39], which
suggests that lactic acidosis may only affect a subgroup of patients. If IBS comorbidity accompanied by
gut dysbiosis and hyperpermeability is indeed a subtype of ME/CFS, the translocation of lactic acid
produced by abnormally enriched Gram positive enteric bacteria in the affected individuals, rather
than excessive production by the host metabolism, could explain this inconsistency.

4.2. Pathological Interactions between Gut Hyperpermeability and the Mitochondria

Broader implications for the immune system and mitochondrial function may come from reports
of increased translocation of immunogenic bacterial secretions from the gut into the bloodstream, which
in ME/CFS may be mediated by intestinal wall hyperpermeability in patients affected with IBS [104,142].
For example, the generation of excess free radicals, which occurs in the mitochondria [143], has been
proposed to form part of a microbial defense mechanism [144–146], with enteric species, such as
Escherichia coli, highly susceptible to the bactericidal properties of free radical derived reactive nitrogen
species (RNS) [147]. Excess free radical generation not only results in the formation of RNS but also
reactive oxygen species (ROS), whose production may be elevated in ME/CFS given the many reports of
elevated oxidative stress in the disorder [148–153]. Therefore, excessive free radical generation as such
an antimicrobial response to circulating antagonists of enteric origin could provide one explanation
for the reports of elevated oxidative stress in the disorder. Such a response may indeed be elicited
by the ordinarily commensal Gram negative bacteria E. coli, which, while also known to target the
mitochondria by the secretion of other toxins [154,155], secretes immunogenic lipopolysaccharide
(LPS). This endotoxin secretion is normally suppressed by the host microbiota at large [131], however,
the composition of the host microbiota is reportedly altered in cases of ME/CFS [12,115–121]. Such a
disturbance to the normal LPS secretion-suppressing host microbiota in ME/CFS and the presence of
gut hyperpermeability may therefore not only lead to the synergistic amplification of bacterial toxin
translocation into the blood and the consequent activation of inflammatory pathways [104,142], but
may also expose body-wide mitochondria to circulating virulent factors produced by Gram negative
antagonists, such as E.coli. This is supported by the increase in E. coli gut colonization reported in cases
of IBS [156], which, again, can be an ME/CFS comorbidity.

4.3. The Gut–Brain Axis: Autonomic and Hormonal Dysregulation

Physiological stress, considered one predisposing factor for ME/CFS [157], has been suggested
to play a role in modifying the gut microbiota in such a way that would reduce the numbers
of Bifidobacterium and Lactobacillus, two genera responsible for the suppression of LPS-secreting
commensal bacteria and has been implicated in this way in ME/CFS [158,159]. While the translocation of
immunogenic LPS into the bloodstream is generally associated with body-wide inflammation [160,161],
it may also lead to the elevation of proinflammatory elements and the stress hormone cortisol in the
brain [162]. The transduction of immunogenic pathogen signals is but one aspect of the gut–brain
axis, so it is pertinent to address the potential for broader gut-brain driven [163,164] or autonomic
nervous dysregulation that may play a part in the disorder. Indeed, there is some evidence to
support such dysregulation associated with vasomotor abnormalities [165] or mitochondrial Coenzyme
Q10 deficiency associated with cardiovascular lesions [166]. There are relevant, respectively, to the
ME/CFS comorbidity POTS, which likely involves vasomotor dysfunction [167], or to the cardinal
symptom of chronic fatigue. Further, the linkage of cortisol-driven stress responses to the gut through
the hypothalamic-pituitary-adrenal (HPA) axis [168] could be dysfunctional in ME/CFS due to the
hypocortisolism previously suggested to play a role in the condition [169,170]. This possibility could
weave another perturbed regulatory loop into the system, which may aid in perpetuating an altered
homeostasis. This has been previously reviewed at length [171].
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5. Multi-System Pathological Interactions

5.1. Exposure to Stressors and the Theoretical Homeostatic Perpetuation of a Disease State

The reported disturbances to ME/CFS metabolism have been linked to chronic activation of
emergency cell survival mechanisms to cope with adverse conditions [7]. These adverse conditions
could include energy stress, inflammation, HPA axis dysregulation, or pathogen exposure. They elicit
a conserved homeostatic cell danger response [172] that could result in the cell shifting to an alternative
resting steady state and contribute to ME/CFS pathology [34]. An alternative explanation would involve
chronic ongoing exposure of cells to a causative insult. However, chronic pathogen exposure as the
precipitating factor for such a response in ME/CFS seems unlikely, as theories of viral persistence have
been thoroughly investigated and the evidence for chronic viral infection in ME/CFS is inconsistent [173].

Another feature of ME/CFS is the characteristic symptom heterogeneity. Patient histories suggest
that the initial insult eliciting the shift to the ME/CFS state differs between individuals and so may
dysregulate the underlying cellular stress signaling pathways in different ways. This could contribute
to inconsistencies between various studies and highlights the need for sensitive diagnostics and patient
stratification into recognizably different categories.

No matter the initial insult, each of the aforementioned possibilities can involve the interaction
between chronic inflammation and immunological and mitochondrial dysfunction [99,174,175]. This is
similar to theories previously presented by others pertaining to dysregulated homeostatic feedback
loops [34]. Faced with a new challenge, such as the re-emergence of a dormant pathogen, over-exertion,
or other stress depending on the tolerance of the individual, the affected pathways could again be
perturbed, triggering a molecular cascade during bouts of PEM. In some patients, this may mimic the
response to a recurrent infection regardless of whether the new trigger is pathogen-driven. Symptom
flare-ups characteristic of ME/CFS may therefore result from antagonization of just one of the underlying
nodes of a multi-system pathological web and a symptomatic body-wide cascade ensues.

For example, the elevated oxidative stress reported in the disorder [148–153] may be entangled
with perturbed immune-inflammatory pathways [175–178], gut inflammation [158], and dysfunctional
mitochondria. This may be exacerbated by other disturbances, such as the reported reduction in
CK levels [15], which can lead to the absence of CK-mediated ROS suppression [179]. This raises
the possibility of a vicious cycle of immunodysregulation and gut dysbiosis accompanied by poor
physiological gut function [122] that contribute to the perpetuation of a chronic bowel disease state.
Such an altered state could interact with the previously suggested HPA dysregulation [34] and
contribute to the perpetuation of an alternative resting homeostasis.

5.2. Identifying Underlying Mechanisms

The earlier sections of this review have discussed the evidence for dysregulated biological
mechanisms in ME/CFS patients at the molecular, cellular, tissue, organ, and whole body levels.
These changes are summarized in Table 1 and together provide insights into potential underlying
disease mechanisms.

Based on current biomedical literature, perturbations to the various systems listed in Table 1 are
implicated in the underlying pathological mechanisms in ME/CFS. These phenomena are correlated
clinically in that they appear in people with the disorder. However, the causal links between them
are unknown and cannot be discerned purely on the basis of clinical correlation. There are many
scenarios where more than one of the affected systems may exert pathological effects on another and
vice versa. This complex and often reciprocal regulatory cross-talk between systems makes it difficult
to distinguish cause from effect, so there is great need for the potential causal relationships to be
addressed directly using appropriate experimental models.
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Table 1. Brief summary of relevant reports contributing towards the biomedical basis of ME/CFS.

Area of Study Brief Summary of Key Reports in ME/CFS

Metabolomics

• Multiple reports of disturbed amino acid metabolism [6,38–40,180].
• Dysregulated lipid metabolism [7,13,31,39], possible glycolysis

impairment [39], possible PDH impairment [40], urea cycle
dysregulation [6,38].

• Overall: TCA cycle substrate provision deficiency and reliance on
alternative fuel sources.

Mitochondrial function

• Reduced [9] vs. elevated steady-state ATP levels [42,44,48] but
resting ATP synthesis rates are normal [41,45].

• Complex V inefficient and compensated for by upregulation of
supporting pathways [41].

Muscle activity • Unresponsive AMPK and reduced glucose [43,48,141] and oxygen
uptake [181].

Natural killer cells • Overall inconsistent evidence—role mostly unknown [65–72].

Calcium signaling • Evidence for impaired TRPM3 function [81,82].

Inflammation and cytokines
• Inconsistent molecular evidence [102,182], yet is likely to play a

role based on clinical presentation and the many reported
disturbances in related systems.

Autoimmunity

• Little researched, but proposed to form a subtype comorbid with
IBS [114].

• Role for B cell-mediated autoimmunity challenged by negative
outcome of rituximab trial [106,109,110].

B cells • Linked to mitochondrial disturbances, subset proportions may
vary [41,45,183].

Gut microbiota and physiology
• Widely reported disturbances to the gut microbiota

[12,103,115–117,119,120,184] and gut hyperpermeability
[103,123,124].

Autonomic and hormonal
dysregulation

• Vasomotor abnormalities [165,185], hypocortisolism [169,170],
broad HPA axis disturbance [186,187].

For example, the potential impact of gut hyperpermeability on body-wide mitochondrial function
has been outlined in Section 4.2. However, the reverse may also take place. The differentiation,
proliferation, and function of intestinal epithelial cells is known to depend upon normal mitochondrial
function, with mitochondrial dysfunction resulting in subsequent hyperpermeability of the intestinal
wall [188–190]. Therefore, it is impossible to distinguish cause from effect in this case with correlations
alone. Similarly, changes in metabolite levels in ME/CFS have been associated with both IBS
comorbidity [31] and alterations to intestinal flora composition [118]. However, it has not been
experimentally shown whether the IBS is caused by host metabolic dysfunction or irregular metabolite
production and excretion by an altered gut microbiota, or if the gut microflora and metabolic
abnormalities are caused by the IBS.

The influence of the mitochondria upon the function of the immune system has similar
implications. The mitochondria can partake in activation or suppression of inflammation indirectly by
regulating autophagy, which in turn bears downstream regulatory consequences for the activation of
inflammation [191]. Mitochondria also regulate elements of the innate immune system by the release
of immunogenic ligands [178] and are important for immune cell effector function due to their classical
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roles in energy production and metabolism. Furthermore, immunological dysfunction is common
in conditions which are primarily mitochondrial diseases [192]. This is an important consideration
with regard to the gut microbiota since it, in turn, influences and is influenced by the function of the
immune system and [128,163,193,194] immune cell population composition [195]. Therefore, changes
to any one of the mitochondria, immune system, or gut may dysregulate the others, again emphasizing
the importance of future research addressing cause–effect relationships.

6. Conclusions

ME/CFS is a heterogeneous condition that may encompass scenarios where uncertain, and possibly
varying, underlying insults trigger body-wide molecular and cellular perturbations perpetuated by
an alternative stable homeostatic states. Diagnostic advancement and the development of tools
which objectively and accurately phenotype patients is therefore paramount for the development of
mechanistic insight and effective therapeutics.

It is likely that the inflammation and immune dysfunction classically studied in ME/CFS are
entangled with dysfunctional energetics, gut health, or autonomic and adrenal dysregulation. The
evidence for metabolic and mitochondrial dysfunction indicates inefficient respiration, impaired
provision of TCA cycle substrate, and metabolic shifts towards the utilization of alternative metabolites.
Immune effector cell dysfunction, chronic inflammation, defective signaling, and elevated oxidative
stress may interact with not only the dysfunctional energetics but also with abnormal gut physiology
and microbiota composition. These effects on the gut may also tie back to mitochondrial function
and vice versa. The reciprocal interactions between these affected systems and the varied clinical
presentation of relevant symptoms between individuals make it difficult to postulate cause–effect
relationships with confidence. Furthermore, while disturbances to this range of interconnected
systems across the body have been demonstrated, in some cases concurrently, this body of research
has historically relied upon correlations, which creates the urgent need for research utilizing direct
experimental investigation of cause–effect relationships.
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a severe fatigue illness
that occurs most commonly following a viral infection, but other physiological triggers are also
implicated. It has a profound long-term impact on the life of the affected person. ME/CFS is diagnosed
primarily by the exclusion of other fatigue illnesses, but the availability of multiple case definitions for
ME/CFS has complicated diagnosis for clinicians. There has been ongoing controversy over the nature
of ME/CFS, but a recent detailed report from the Institute of Medicine (Academy of Sciences, USA)
concluded that ME/CFS is a medical, not psychiatric illness. Importantly, aspects of the biological
basis of the ongoing disease have been revealed over the last 2–3 years that promise new leads towards
an effective clinical diagnostic test that may have a general application. Our detailed molecular
studies with a preclinical study of ME/CFS patients, along with the complementary research of others,
have reported an elevation of inflammatory and immune processes, ongoing neuro-inflammation,
and decreases in general metabolism and mitochondrial function for energy production in ME/CFS,
which contribute to the ongoing remitting/relapsing etiology of the illness. These biological changes
have generated potential molecular biomarkers for use in diagnostic ME/CFS testing.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; diagnostic biomarker;
inflammation and immunity; metabolism; mitochondria; circadian rhythm; neuro-inflammation

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS): A Significant Global Health Problem

The reported worldwide prevalence of ME/CFS varies from 0.4–2.6% of the population among
countries and cultures [1], making it significantly more prevalent than other fatigue illnesses, such as
multiple sclerosis, with, for example, up to ~240,000 Australians [2] and ~20,000 New Zealanders [3]
affected with ME/CFS compared to ~25,000 and ~4000 respectively with multiple sclerosis. The first
recognition of ME/CFS in New Zealand dates from an outbreak in a small rural town, Tapanui, in 1983,
with an unexplained flu-like illness given the name ‘Tapanui flu’ [4], which was later classified as
ME/CFS [5]. Similar outbreaks have been reported in isolated communities around the world since the
1930s [6]. A 2013 meta-analysis [7] found that ME/CFS prevalence from self-reporting assessment was
3.28% (95% Confidence Interval (CI): 2.24–4.33) but by clinical assessment was only 0.76% (95% CI:
0.23–1.29), using the 1994 Fukuda clinical case definition [8]. This discrepancy in prevalence highlights
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the importance of an understanding of the disease by health practitioners, and the use of clinically
consistent diagnostic criteria for ME/CFS.

2. Clinical Characteristics of ME/CFS

Since ME/CFS has as yet no conclusive diagnostic laboratory test, and an ill-defined
pathophysiology [9], there has been a diverse range of opinions as to the precise nature of the
disease among health professionals and throughout wider society. This confusion surrounding the
ME/CFS diagnosis among health practitioners worldwide has meant that patients and families are often
without the support of their healthcare system and social support systems. A diagnostic molecular
biomarker, tool, or accessible procedure specific for ME/CFS, that is readily transferable to diagnostic
laboratories for routine tests on community-wide patient samples, is urgently needed.

Onset of ME/CFS frequently follows an acute viral infection or period of stress [1], but more
gradual onset can occur, with the complex of symptoms developing over a period of weeks or
months [10]. Many unique ‘outbreaks’ of an ME/CFS-like disease are recorded, suggesting it can
arise from the spread of an initiating infectious agent. Certainly, ME/CFS is commonly self-reported
following a glandular fever episode from Epstein Barr virus infection [11–14]. Twin studies indicate a
genetic susceptibility for ME/CFS, with a higher rate of fatigue concordance in monozygotic twins than
dizygotic twins [15–17]. In susceptible people, a diverse range of initiating agents can produce the same
physiological ‘shock’ that precipitates progression into the life-long condition of ME/CFS [18]. Apart
from viruses, factors such as toxins or agricultural chemicals like organophosphates, and physiological
stressors, such as vaccinations [11,18], can precipitate the illness [11–13]. A recent publication examined
19 cases of patients diagnosed with either ME/CFS or fibromyalgia following hepatitis B vaccination,
concluding that, in some cases, both of the illnesses could be temporally related to immunisation as
part of autoimmune (auto-inflammatory) syndromes induced by adjuvants (ASIA) [19]. ME/CFS affects
people of all ages and within all socio-economic groups, but it is more common in women (reported to
be a ratio between 2:1 to 6:1, female to male) [11–13]. The defining symptom of ME/CFS is persistent,
debilitating fatigue, lasting beyond six months. Most clinical diagnostic criteria describe this as physical
and mental and disabling, usually of acute onset. It is significantly exacerbated by exercise, and mental
or emotional exertion (post-exertional malaise), and is not alleviated by rest [6,14,20]. A myriad of
flu-like and respiratory symptoms, cognitive impairment, tender lymph nodes, muscle and joint pain
(myalgia), severe headaches, new allergies, severely disturbed sleep patterns with un-refreshing sleep,
and mood changes are commonly experienced [6,14,20]. Multi-system co-morbidities, for example,
POTS (postural orthostatic tachycardia syndrome), depression, and irritable bowel syndrome are often
found [20,21]. Nevertheless, the severity and the range of ME/CFS symptoms can vary, with three in
every four patients progressing from an extended acute phase to a chronic state of ongoing debilitating
illness that still requires dramatic lifestyle changes to manage the frequency of severe relapses [14].
It is claimed that only about 5% of ME/CFS patients will return to their previous state of health and
well-being [22], therefore for most of those affected it is a life-long disease.

3. Clinical Case Definitions

At present, a formal diagnosis is given only after eliminating all other diseases with similar
symptoms, and with the presence of a range of self-reported symptoms fitting within defined
sets of clinical criteria [9,11,12,20,21]. The difficulty for both patients and health practitioners has
been that over 20 different case definitions or diagnostic criteria for ME/CFS exist [23]. Since the
underlying pathophysiology of ME/CFS is still largely unknown, there is no gold standard against
which to assess the effectiveness of each case definition. The 1994 Fukuda diagnostic criteria [8]
developed by the Centre for Disease Control in the USA, is most commonly used by researchers
and clinicians [1], yet it does not include the core defining symptoms of post-exertional malaise and
neurocognitive disturbances, nor does it exclude patients whose symptoms may originate from a
psychiatric disorder. The Canadian Consensus Criteria (CCC) [24] developed in 2003 by an international
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ME/CFS expert group was a significant improvement as it highlighted post-exertional malaise as a
core symptom, along with fatigue, sleep dysfunction and pain. Additionally, neurological/cognitive
and autonomic/neuroendocrine/immune symptom groups were included. In 2011, the ‘International
Consensus Criteria’ were formulated as a refinement of the CCC, putting emphasis on inflammation
and neuropathology and focusing on neurological disturbance, immune/gastrointestinal, and energy
impairments [20]. These criteria have yet to be generally accepted, and they may be selective for a
subset of ME/CFS patients only.

To redress the confusion created by so many case definitions, a clinical guideline IACFS/ME
primer for General Health Practitioners (GPs) was developed in 2012 by a panel of experts from the
International Association for Chronic Fatigue Syndrome/Myalgic Encephalomyelitis (IACFS/ME) [21].
This included commonly used clinical guidelines, but showed considerable variation in symptoms and
co-morbidities from those based on individual case definitions [25]. A detailed review of the criteria
used to diagnose ME/CFS was released in 2015 by the Institute of Medicine (IOM) of the Academy of
Sciences USA [6] along with a simplified core set of diagnostic criteria. The IOM report acknowledged
that the stigma associated with a diagnosis of ME/CFS is largely due to both the lack of knowledge of
the disease and the lack of acknowledgement of it as a distinct disease. Most importantly, the report
stressed that based on all the available evidence, ME/CFS is a medical and not a psychiatric illness [6].
In our view, the Canadian Consensus Criteria (CCC) [24] are the best available definitions for both
clinical diagnosis and for preclinical patient research studies.

4. Physiological Cause of ME/CFS and Current Treatments

To date, treatments for ME/CFS have targeted specific symptoms, such as sleep disruption, fatigue,
muscle pain and emotional disturbance [11]. While the underlying primary physiological deficit in
ME/CFS is still unknown, many differences in physiology and metabolism between ME/CFS patients
and healthy controls have now been discovered in the last 2–3 years, enabling some understanding
of the biological basis for the severely compromised health of ME/CFS patients. The research has
highlighted areas for potential treatment. As ME/CFS patients have a significant immunological
dysfunction, intravenous immunoglobulin therapy, interferon and ampligen, have been explored, but
as yet with no conclusive outcomes [1]. Antidepressants, anti-allergy drugs, vitamin and mineral
supplementation, and non-steroidal anti-inflammatory drugs have all been trialed among patient
groups with mixed results [11,26]. A chance finding of remission of ME/CFS symptoms in a patient
within a group undergoing cytotoxic treatment for Hodgkin’s Lymphoma resulted in the hypothesis
that B-cell depletion might provide a potentially effective treatment for ME/CFS [27]. Subsequent
trials with ME/CFS patients using a monoclonal anti-CD20 antibody targeting a B-cell surface protein,
Rituximab, seemed highly promising [28,29]. Disappointingly, however, the multicentre phase III trial
ultimately was less successful [30]. Most recently, a phase II trial of a mixture of the Central Nervous
System (CNS) stimulant Ritalin (methylphenidate hydrochloride) and mitochondrial support nutrients
(KPAX002) [31] suggested that there was a trend towards improvement in fatigue. Two behavioural
interventions, graded exercise therapy (GET) and cognitive behavioural therapy (CBT), have been
controversial treatments for ME/CFS [11]. GET focuses on gradually increasing physical activity over
time, but it has had limited success and often exacerbates the characteristic ‘exercise intolerance’ or
post-exertional malaise of ME/CFS, as well as other symptoms. CBT by contrast is a psychotherapy
approach that encourages patients to analyse their symptoms and develop strategies to function
around them. Undoubtedly this approach has benefitted some patients in managing and living with
their disease. A large-scale ‘Pacing, graded Activity, and Cognitive behaviour therapy; a randomised
Evaluation’ (PACE) study incorporating these strategies in the UK was claimed to show a favourable
response with both GET and CBT interventions together [32], but the method of analysis and thereby
the conclusions have been strongly criticised [33], particularly in a special issue in 2017 of the Journal
of Health Psychology [34].
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5. Biomarkers Leading to a Diagnostic Test

As there is no single molecular biomarker test for ME/CFS, there are long delays and high
costs involved in the diagnostic process, with increased potential for misdiagnosis, all of which
fundamentally impedes patient care. Many potential diagnostic biomarkers have been identified by
researchers—almost all of which indicate the involvement of improper immune function, inflammation,
and signs of autoimmunity, e.g., differences in cytokine profiles, natural killer (NK) cell function, or
responsiveness of T-cells, in ME/CFS. To date, research into clinically useful diagnostic biomarker
identification for ME/CFS has been limited generally to small cohorts (with study sizes frequently
<10, and rarely with validation in larger cohorts above n = 40). A further limitation to biomarker
discovery is the lack of any comprehensive follow-up studies of potential biomarkers with different
ME/CFS patient groups, or comparing ME/CFS with other similarly presenting illnesses. Another
important factor obstructing biomarker discovery is the use of different diagnostic criteria from the
many available to define the ME/CFS patient group, preventing meaningful comparisons between
studies. While the majority of research groups do use the 1994 Fukuda criteria, as discussed earlier,
the Fukuda criteria may confound clinical or diagnostic biomarker studies as it imprecisely defines
ME/CFS symptomology and fails to exclude patients with a psychiatric disorder. The lack of follow-up
studies, or failure to validate the results of an original study, has meant that potential biomarkers have
rarely progressed to clinical trials.

Despite these significant handicaps to diagnostic research, exciting recent studies have emerged
that seem to have considerable promise for further development into a general accessible diagnostic
test. Nanoneedle bioarray technology, developed by Professor Ron Davis and colleagues at Stanford,
measures a unique impedance signature that can differentiate moderate to severe ME/CFS sufferers (n
= 20) from healthy controls (n = 20) [35]. The nanoneedle measures electrical impedance modulations
resulting from cellular or molecular interactions in response to an induced high salt stressor. The test
was able to differentiate ME/CFS from healthy controls from peripheral blood mononuclear cells
(PBMCs) and plasma samples. The origin of the distinct different impedance signature in the ME/CFS
group has not yet been identified, but the authors suggest that this may be caused by the Na/K ATPase
transmembrane ion pump in ME/CFS cells, or a potential size change in cells as a result of increased
osmotic pressure, or a change in the composition of cell membranes in response to the stressor. As yet,
this technology has not been shown to distinguish ME/CFS from other related illnesses, and this will
take time to resolve.

6. Changes in the Biology of ME/CFS Patients

Emerging molecular technologies have enabled significant insights into the metabolic and
physiological abnormalities that sustain ME/CFS. We have applied these technologies in an ongoing
preclinical analysis with a group of 10 ME/CFS patients, diagnosed using the CCC criteria, and
matched controls for study according to the principles of precision medicine [36] to obtain an integrated
‘molecular picture’ of the illness. We have collected cytokine (Bio-Plex Human Cytokine 27-plex
Assay) [37] and microRNA [38] expression data from patient and control plasma (TaqMan miRNA
array), and also genes (RNAseq transcriptome [~13,000 gene transcripts] [38], and SWATH-MSprotein
expression data [~1800 proteins], publication in preparation) from peripheral blood mononuclear cells
(PBMCs) [38]. Statistically significant changes were identified, despite the small size of the study
group with age/gender matched controls. Despite patient heterogeneity in age, gender, and stage of
illness, similar patterns of changes in specific processes and pathways were observed. We identified
significant dysregulation of immune/inflammatory pathways and oxidative stress linked to metabolic
and mitochondrial dysfunction. Immune, inflammatory, cytokine and apoptosis pathways were
enhanced, while mitochondrial function, general cellular metabolic and lipid metabolic pathways were
suppressed [38]. These findings are consistent with the emerging data from other ME/CFS studies,
some with larger cohorts (Table 1) [38–49], and show the utility of the approach utilizing precision
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medicine to elucidate disease pathology in small patient numbers—a practice used successfully in
studies of rare diseases [50].

Table 1. Biological Pathways affected in ME/CFS.

Affected Biological Pathways References

Immune/inflammation [37–41,49]
Cytokine regulation [37,38,42,43,49]

Metabolic dysregulation [38,44,45,49]
Mitochondrial dysfunction [38,45,46,49]

Oxidative stress [38,39,47,49]
Apoptosis [38,39,47,49]

Circadian rhythm [48,49]

In particular, our transcriptome study [49] identified the top three upregulated genes in the
ME/CFS group, asIL8, NFKBIA and TNFAIP3 (see Figure 1), all of which are early-responders to Tumour
Necrosis Factor (TNF)-induced Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB)
activation [51].

Figure 1. Scatter plot of RT-qPCR assay Ct values (defined below) for IL8, NFKBIA, and TNFAIP3.
Each peripheral blood mononuclear cell (PBMC) sample (myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS) n = 10, control n = 10) was measured in triplicate, with the mean Ct value for each
gene in both ME/CFS and control cohorts shown (orange line). A Ct value is the Reverse Transcription
quantitative Polymerase Chain Reaction (RT-qPCR) amplification cycle at which the gene transcript
copy number exceeded the individually calculated baseline threshold level for that gene. Figure taken
from our own recently published study [49]. Red bars indicate the mean Ct value in each case. Statistical
significance (p < 0.05) between the two groups is indicated by the *.

Increased IL8 expression occurs as a result of TNF-induced NF-κB activation, and the proteins
A20 (TNFAIP3) and Nuclear Factor of Kappa light chain polypeptide gene enhancer in B cells Inhibitor,
Alpha (NFKBIA) are part of the two main negative feedback loops of NF-κB-driven transcription [51].
Furthermore, TNFα is a potent inducer of IL-8 secretion, through a transcriptional mechanism regulated
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by NF-κB. Indeed, increases in IL-8 and TNFα have been identified in several ME/CFS cytokine and
immune studies. Chronic inflammation is also amplified through the NF-κB signaling pathway.
The increase in expression of these three gene transcripts in the ME/CFS group implies that there is an
ongoing biological inflammatory response, and a counter-response to the unwanted excess activity of
NF-κB and inflammation in ME/CFS, driven by TNFα.

With the same study group, we have investigated the abnormal activation of protein kinase
RNA-activated (PKR) as a potential biomarker for ME/CFS. This kinase has been described as a
‘universal immunological abnormality’ in ME/CFS [52]. ME/CFS often follows an acute viral infection,
suggesting that the key role PKR plays in the innate immune response to infection may be significant
in ME/CFS symptomology. The efficacy of PKR as a diagnostic biomarker for ME/CFS results from the
fact that PKR is phosphorylated when activated. Healthy controls had undetectable phosphorylated
PKR in protein extracts of PBMC cells using an in-house affinity purified antibody (two stage
purification-positive and negative affinity steps). Phosphorylated PKR (pPKR) was in contrast detected
in the protein cell extracts of ME/CFS patients. A ratio of pPKR to inactive unphosphorylated PKR
examined between the patients and controls revealed differences between the two groups (see Figure 2).

Figure 2. Box-and-whisker plots of ME/CFS and control phosphorylated PKR/protein kinase
RNA-activated (pPKR:PKR) ratios in PBMCs and neutrophils. In-house affinity purified antibodies
against phosphorylated PKR (active form) and PKR (inactive form) were used to detect the ratio
of pPKR:PKR in isolated PBMCs and neutrophils from a matched patient/control ME/CFS study.
The median pPKR:PKR ratio is shown, and the interquartile range, maximum and minimum ratio
values. Outliers are indicated with a (*). A t-test between ME/CFS and controls gave a P-value of 0.057
in PBMCs (ME/CFS n = 9, controls n = 9) and 0.142 in Neutrophils (ME/CFS n = 9, controls n = 10).
This figure has been constructed by author ES from data referenced in her PhD thesis, with permission
to publish from University of Otago [38].

It should be noted that not all patients scored positive for pPKR, but the study group on average
had suffered with their illness for 12 years. It would be important to re-evaluate the pPKR/PKR ratio in
larger patient groups undergoing diagnosis at the early stage of their illness to determine false negative
rates. Then, it will be clear whether PKR has significant promise as a diagnostic tool.
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7. Global Research into ME/CFS Biology

7.1. Recent Research Studies Have Focused on Several Key Areas

7.1.1. Microbiome

The chronic nature of ME/CFS suggests that its continuous pathogenesis involves an altered state of
body homeostasis. Numerous reports indicate chronic inflammation, characterised by immunological
dysfunction, in ME/CFS. Biomarkers of inflammation and leaky gut syndrome [53], possibly as a result
of microbiome disturbance and bacterial translocation, have been highlighted [53,54]. Compellingly,
most well-studied inflammatory conditions have been linked to microbial imbalance (dysbiosis) of
the human microbiome [53]. Impaired mucosal integrity, shown by serum levels of Immunoglobulin
A (IgA) and Immunoglobulin M (IgM) against enterobacteria, may explain both inflammation and
the hypersensitivity to food in ME/CFS [55]. Recent gut microbiome studies have found lowered
microbial diversity in ME/CFS fecal samples [56,57]. Next-generation sequencing of peripheral blood
samples identified a ‘multifactorial microbial component’ that correlated with a disease-severity quality
of life measure in ME/CFS patients [58]. Sequencing small ribosomal subunit 16S rRNAs from the
collective bacterial population indicated an increase in pro-inflammatory microbiota species and a
decrease in anti-inflammatory species [56]. Intracellular pathogens like bacteriophages can drive
microbiome dysbiosis by directly interfering with the bacterial molecular biology. Interestingly, a study
of monozygotic twins discordant for ME/CFS found an increase in bacteriophages belonging to the
tailed double stranded Ribonucleic Acid (dsRNA) Caudovirales order [56].

As yet, however, there is no general agreement on changes in specific microbiota phyla/genera
among reported ME/CFS studies [53–60].

7.1.2. Metabolome

ME/CFS metabolomics studies have identified a consistent set of disease characteristics, including
increased oxidative stress, depleted amino acids, depleted lipids, TCA cycle and purine metabolites,
a reduced folate cycle, and increased sugars [44,61]. Recent studies also show a range of plasma
metabolites at abnormally low concentrations in ME/CFS, implying that ME/CFS is a ‘hypometabolic’
syndrome. Naviaux et al. (2016) [44] used broad-spectrum metabolomics to examine metabolites
from 63 biochemical pathways and abnormalities were identified in 20 of them. They involved
oxidative peroxisomes, mitochondrial metabolism, branch chain amino acids, as well as pathways
for sphingolipids, phospholipids and cholesterol. Significantly, despite a diverse heterogeneity of
factors leading to the illness of the ME/CFS cohort within the study, the results reflected a lowered
cellular metabolic response as a common feature in the patients. It was likened to ‘dauer’, a protective
hibernation-like state [44].

The suggestion that hypometabolic syndrome is a feature of ME/CFS may be underpinned by
changes in expression of key genes in the pathways concerned. Changes in the DNA methylation
(epigenetic code) across the promoter region of genes for these pathways could be a key factor. DNA
methylation is an epigenetic modification process where DNA methyltransferases add a methyl group to
the 5′ position of the cytosine base of 5‘-Cytosine-phosphate-Guanine-3‘ (CpG) dinucleotides [62], and
the extent and pattern of this methylation dictates the rate of gene expression [63]. DNA methylation
can also recruit transcriptional co-repressors to inhibit the transcription of certain genes [62]. Epigenetic
modifications have been suggested to play important roles in inflammatory and autoimmune diseases
that share many similarities with ME/CFS [64]. Multiple DNA methylation studies have now shown both
hypo-methylation and hyper-methylation at specific gene promoters in ME/CFS patients, including in
our own ongoing unpublished studies. We have found that of the changes observed hyper-methylation
was proportionally much higher at promoters than throughout the whole genome. Generally, a loss
of methylation accounted for most of the genome-wide changes between the ME/CFS study group
and the controls. The addition of methyl groups at promoters may contribute to a hypometabolic
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state by down-regulating the expression of genes involved in key metabolic pathways. The ME/CFS
phenotype is linked to differential methylation in genes associated with immune function and cellular
metabolism [48,65,66]. For example, a 2017 study [48] detected 12,608 differentially methylated sites
predominantly at cellular metabolism genes, changes that also could be related to patient quality of life
health scores. Among these, glucocorticoid sensitivity was associated with differential methylation
at 13 loci, implicating this process, along with immune and HPA axis dysfunctions, in ME/CFS [48].
A study focusing on CD4+ T-cells of patients affected by ME/CFS, rheumatoid arthritis and multiple
sclerosis found differential methylation around the major Histocompatibility complex, class II, DQ beta
1 gene (HLA-DQB1) [67]. HLA-DQB1 encodes a cell surface receptor essential in immune signaling.
Overall, these findings align with recent ME/CFS work pointing towards impairment in cellular energy
production and immune dysfunction in the patient population.

7.1.3. Mitochondria

Detailed studies on energy production pathways in ME/CFS implicate dysfunctional mitochondria
in the disease pathogenesis. Crucial fatigue symptoms of exercise intolerance and myalgia associated
with ME/CFS are shared by patients with primary mitochondrial diseases and known mutations
in either nuclear or mitochondrial DNA [68]. A recent study found lower maximal respiration in
ME/CFS PBMCs, suggesting a reduced ability to elevate their respiration rate to compensate in times
of physiological stress [46], and we have found a similar result in ongoing studies within our patient
cohort. Another study showed a reduced abundance of the amino acids that fuel oxidative metabolism
via the citric acid cycle in mitochondria. The changed amino acid pattern suggested the functional
impairment of a key enzyme, pyruvate dehydrogenase (PDH) [45], supported by the identification of
the increased expression of transcripts of kinases that inhibit PDH. Interestingly, myoblasts grown in
serum from severe ME/CFS patients showed metabolic adaptations, including increased mitochondrial
respiration and lactate secretion [45].

7.1.4. Transient Receptor Potential (TRP) Ion Channels

A recent study has documented extensively the dysfunction of a TRP ion channel and Ca2+

mobilisation in ME/CFS [69]. The Transient Receptor Potential group M (TRPM) subfamily participates
in store operated calcium entry (SOCE) in the white matter of the CNS [69]. Previous investigations
have proposed that Natural Killer (NK) cells from ME/CFS patients have a significantly reduced
expression of TRPM3 and a subsequent reduction in intracellular Ca2+ mobilisation [70,71]. Five single
nucleotide polymorphisms (SNPs) have now been identified in the TRPM3 gene in ME/CFS patients
that may confer susceptibility to the disease [72]. A significant reduction in NK cell cytotoxicity, a
Ca2+ dependent process, is consistently reported in both severe and moderate ME/CFS [73]. Related
to ME/CFS symptomology, TRPM3 ion channels also have a role in the detection of heat and in pain
transmission in the CNS [74]. Collectively, these results suggest that disturbed TRPM3 expression or
activity may play an important role in the pathophysiology of ME/CFS.

7.1.5. Genetic Susceptibility

Single Nucleotide Polymorphism (SNP) analyses generally have provided weight to a genetic
susceptibility for ME/CFS. Associations but not causative mutations have been found between several
SNPs and ME/CFS pathology. An evaluation of 116, 204 SNPs found 65 SNPs associated with
ME/CFS that included a glutamate receptor, ionotropic kinase 2 (GRIK2) (decreased expression),
and neuronal ‘Per-Arnt-Sim’ (PAS) domain protein 2 (NPAS2) (increased expression) implicating a
pathological role for genes involved in glutamatergic neurotransmission and circadian rhythm [75].
Interestingly, transcripts associated with circadian rhythm were identified as significantly changed in
our transcriptome study [49]. Most recently, Schlauch et al. evaluated 906, 600 SNPs and found 442
associated with ME/CFS [76].
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8. Has Biomedical Research Informed the Clinic, and Assisted Diagnosis and Treatment?

With a myriad of clinical case definitions to choose from, and a lack of understanding of the
fundamental pathophysiology of ME/CFS, coupled with a lack of a definitive molecular biomarker,
health practitioners have not had a clear direction for the diagnosis and treatment of ME/CFS. In our
experience, this has led to frustration both at the feet of the practitioners and the affected patients,
and to a long period of debate among the health profession about the true nature of the illness. It has
hindered funding for much needed research and has created inertia for researchers to join the research
effort. Excitingly, the last 3–4 years have signaled dramatic change. With growing understanding of
the disease biology, and with promising diagnostic tools on the horizon, the outlook is much more
promising for both practitioners and patients alike. Current biomedical research is on the cusp of
providing tools that can be utilised in the clinic, but already the identification of affected pathways like
inflammation and disturbed immunity, or changes in energy production and key metabolic pathways,
and the identification of potential biomarkers for those changes are starting to inform the clinic today.
Therapeutic interventions have been ‘trial and error’ applications of available drugs but with no
universal benefit, and at best very mixed results. We are entering a new phase where the directed
design of therapies seems possible. Examples are antioxidants that might target and reduce an energy
production insufficiency, and targeted anti-inflammatory drugs to improve impaired central nervous
system function. The ultimate goal of the biomedical research is to find the primary cause of the
significant downward spiral in health that results in the long-term debilitating illness of ME/CFS.

9. Discussion

Future Directions and Unresolved Questions

While major steps have been made in our understanding of the biological processes involved in
ME/CFS, there are important unresolved questions remaining. These include: (i) Is there a genetic
susceptibility that causes some individuals, after exposure to a viral or toxic chemical or a traumatic
emotional assault, to ‘switch’ into a life-long ME/CFS ‘dauer’ state? (ii) What is the key initial
physiological trigger causing the dramatic downward spiral in health? (iii) Are the molecular changes
and aberrant energy producing pathways observed a consequence of, rather than the cause, of the
disease state? (iv) Is there an unidentified ‘molecular factor’ that facilitates cell alterations, as implied
from the effects of ME/CFS serum on healthy cells? (v) Why does the ‘switch’ triggering a physiological
response to the initial assault not return to normal, as for most viral illnesses? and, (vi) Why do
characteristic frequent relapses occur in the chronic stage of ME/CFS, implying a hypersensitivity to
even minor stress?

ME/CFS was classified originally by the World Health Organization as a neurological disease
in 1969 [77], and many symptoms like lack of refreshing sleep and cognitive ‘brain fog’ must be
directly related to a poorly functioning brain. We have proposed a neuro-inflammatory model of
ME/CFS, in an attempt to describe its unexplained and diverse characteristics and wide array of
symptoms [78]. We believe that a centre within the hypothalamus, a cluster of neurons called the
paraventricular nucleus that is key in resolving stress, may be critical to the perpetuation of the disease
and the relapse/recovery cycles in ME/CFS [78]. One neuroimaging study with ME/CFS patients [78]
provides support for this hypothesis, with the discovery of enhanced activated glial cells (a marker for
neuro-inflammation) in the limbic system. The degree of glial activation correlated with the severity of
ME/CFS symptoms [79]. To test these ideas, targeted advanced imaging studies are needed which will
provide a better understanding of the specific mechanisms in the brain that are affected to cause such a
severe phenotype in ME/CFS.

Current global ME/CFS research has focused on identifying changes in physiological and
biochemical pathways, with special emphasis on energy metabolism and Ca2+ metabolism. More
detailed research on the deficiencies coupled with genetic analyses to explain the hypo-metabolism may
prove vital in understanding what it is in ME/CFS that sustains the illness and its complex symptoms.
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With the powerful new analytical tools available to researchers, rapid advancement is being made
in our understanding of the underlying biology of ME/CFS, and several promising potential disease
biomarkers have been identified. What is now needed are significant follow-up investigation of these
markers, with large patient numbers and across different centres. Most importantly, these biomarkers
will need to be validated against diseases that share similar features with ME/CFS.
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Abstract: Myalgic encephalomyelitis (ME) is a neuromuscular disease with two distinctive types of
symptoms (muscle fatigability or prolonged muscle weakness after minor exertion and symptoms
related to neurological disturbance, especially of sensory, cognitive, and autonomic functions) and
variable involvement of other bodily systems. Chronic fatigue syndrome (CFS), introduced in 1988
and re-specified in 1994, is defined as (unexplained) chronic fatigue accompanied by at least four
out of eight listed (ill-defined) symptoms. Although ME and CFS are two distinct clinical entities
(with partial overlap), CFS overshadowed ME for decades. In 2011, a panel of experts recommended
abandoning the label CFS and its definition and proposed a new definition of ME: the International
Consensus Criteria for ME (ME-ICC). In addition to post-exertional neuroimmune exhaustion (PENE),
a mandatory feature, a patient must experience at least three symptoms related to neurological
impairments; at least three symptoms related to immune, gastro-intestinal, and genitourinary
impairments; and at least one symptom related to energy production or transportation impairments
to meet the diagnosis of ME-ICC. A comparison between the original definition of ME and the
ME-ICC shows that there are some crucial differences between ME and ME-ICC. Muscle fatigability,
or long-lasting post-exertional muscle weakness, is the hallmark feature of ME, while this symptom
is facultative for the diagnosis under the ME-ICC. PENE, an abstract notion that is very different
from post-exertional muscle weakness, is the hallmark feature of the ME-ICC but is not required for
the diagnosis of ME. The diagnosis of ME requires only two type of symptoms (post-exertional
muscle weakness and neurological dysfunction), but a patient has to experience at least eight
symptoms to meet the diagnosis according to the ME-ICC. Autonomic, sensory, and cognitive
dysfunction, mandatory for the diagnosis of ME, are not compulsory to meet the ME-ICC subcriteria
for ‘neurological impairments’. In conclusion, the diagnostic criteria for ME and of the ME-ICC define
two different patient groups. Thus, the definitions of ME and ME-ICC are not interchangeable.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; diagnosis; symptoms; muscles;
neurology

1. Introduction

Myalgic encephalomyelitis (ME) is a distinctive neuromuscular disease [1,2], which was described
in the medical literature between 1938 and 1993. Due to the introduction of chronic fatigue syndrome
(CFS) [3,4] and the misconception that ME and CFS were ”similar disorders” [5], ME was rarely
considered until 2011, when a group of experts proposed using the International Consensus Criteria
to define ME (ME-ICC) in order to separate a distinct patient group from the heterogeneous group
of patients with CFS [4]. This article reviews the similarities and differences between the original
definition of ME [1,2] and ME-ICC [6].
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1.1. ME (1938–1990)

ME has been described in the medical literature since 1938 [7], often due to outbreaks [8–10].
The endemic form of ME has been acknowledged since the 1950s [11,12]. ME, recognized as a
clinical entity since 1956 [13], is primarily a neuromuscular disease, which is distinguished by muscle
fatigability or prolonged muscle weakness after minor exertion; neurological symptoms indicating
cognitive, autonomic, and sensory dysfunction; and a chronic relapsing course [1,2]. ME is often
accompanied by various symptoms implicating the involvement of other systems, including the
immune system, the gastrointestinal system, and the respiratory system [1,2].

1.2. CFS (1988–2018)

Much of the confusion relating to the diagnosis and the perception of ME originates from the
introduction of the label CFS and its definition in 1988 [3]. The most commonly used definition of
CFS, the Centers for Disease Control and Prevention (CDC) Fukuda definition, dates back to 1994 [4].
The only mandatory feature of CFS is (unexplained) chronic fatigue, which must be accompanied by
at least four out of a list of eight ‘minor’ symptoms: substantial impairment in short-term memory
or concentration; a sore throat; tender lymph nodes; muscle pain; multi-joint pain without swelling
or redness; headaches of a new type, pattern, or severity; unrefreshing sleep; and post-exertional
malaise (lasting for more than 24 h) [4]. Due to the disease’s nature, the case criteria for CFS [4] define
a heterogeneous group of patients with chronic fatigue as the principle complaint.

Many researchers and clinicians consider ME and CFS to be “similar disorders” [14]. However,
taking the definitions seriously, ME [1,2], a neuromuscular (polio-like) disease, and CFS [4],
an ill-defined fatigue syndrome, are two different entities [15] with partial overlap. For this reason,
ME [1,2] and CFS [4] simply cannot be replaced by the hybrid diagnosis systemic exertion intolerance
disease (SEID) [5,16], as defined by the Institute of Medicine (now the National Academy of
Medicine) [14].

1.3. ME-ICC (2011)

To separate a distinct patient group from the diffuse group of patients with CFS [4], a panel of
international experts proposed the International Consensus Criteria for ME (ME-ICC) [6]. To meet the
diagnosis of ME-ICC [6], a patient must experience post-exertional neuro-immune exhaustion (PENE),
defined as “a pathological inability to produce sufficient energy on demand with prominent symptoms
primarily in the neuro-immune regions”, as well as neurological impairments (at least one symptom
from three of four symptom categories), immune, gastro-intestinal, and genitourinary impairments
(at least one symptom from three of five symptom categories), and energy production/transportation
impairments (at least one of four symptoms).

2. ME vs. ME-ICC: Similarities and Differences

2.1. Similarities

2.1.1. ME Is a Neurological Disease

The original definitions of ME [1,2] emphasize the great importance of neurological abnormalities,
especially of symptoms implicating cognitive, sensory, and autonomic dysfunction as distinctive
features [17]. The ME-ICC criteria acknowledge the significance of neurological impairments in a
separate category (Table 1: symptom category B).
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Table 1. The case criteria of myalgic encephalomyelitis (ME) [1,2] and the International Consensus
Criteria for ME (ME-ICC) [6].

ME [1,2] ME-ICC [6,18]

The pathognomonic features (of ME):
1. a complaint of general or local
muscular fatigue following minimal
exertion with prolonged recovery time a;
2. neurological disturbance, especially of
cognitive, autonomic, and sensory functions;
3. variable involvement of cardiac and
other systems;
4. prolonged relapsing course.
“Other characteristics include [...] variation
in intensity of symptoms within and
between episodes, tending to chronicity.” [1]

A. Post-exertional neuro-immune exhaustion (PENE): mandatory.
B. Neurological impairments
(at least one symptom from three of the four symptom categories):
1. Neurocognitive impairments
a. Difficulty processing information: slowed thought, impaired
concentration
b. Short-term memory loss
2. Pain
a. Headaches
b. Significant pain in muscles, muscle-tendon junctions, joints,
abdomen, or chest
3. Sleep disturbance
a. Disturbed sleep patterns
b. Unrefreshing sleep
4. Neurosensory, perceptual, and motor disturbances
a. Neurosensory and perceptual symptoms
b. Motor dysfunction
C. Immune, gastro-intestinal, and genitourinary impairments
(at least one symptom from three of five symptom categories):
1. Flu-like symptoms (recurrent or chronic, which typically activate or
worsen with exertion)
2. Susceptibility to viral infections with prolonged recovery periods
3. Gastro-intestinal symptoms
4. Genitourinary symptoms
5. Sensitivities to food, medications, odors, or chemicals
D. Energy production or transportation impairments
(at least one of four symptoms):
1. Cardiovascular symptoms
2. Respiratory symptoms
3. Loss of thermostatic stability
4. Intolerance of extremes of temperature

a “ME is a multisystem syndrome [...] distinguished by severe muscle fatigue following trivial exertion.” [1].

2.1.2. ME Is a Multisystemic Disease

Both the original definition of ME [1,2] and ME-ICC [6] (Table 1) stipulate that ME is a
multisystemic disease that can be associated with a wide range of symptoms, e.g., muscle pain,
headaches, neurological dysfunction, immunological symptoms, gastro-intestinal complaints, as well
as cardiovascular and respiratory symptoms. ME [1,2] and ME-ICC [6] both acknowledge the
“variable involvement of cardiac and other systems” [1], alongside neurological dysfunction and
musculoskeletal symptoms.

2.1.3. ME Is Not a Psychogenic Disorder

The authors of the original definition [1,2] make it clear that, although biological abnormalities
have not yet been demonstrated, ME should not be misinterpreted as a psychogenic illness.
The ME-ICC [6] specifically exclude primary psychiatric and somatoform disorders, i.e., “mental
disorders which manifest as physical symptoms”.

2.1.4. ME Is Assumed to Be Associated with Neuropathology

The original definition of ME [1,2] proposes that ME is associated with inflammation of the brain
and the spinal cord, while the ME-ICC [6] presupposes “neuropathology”.

Whether or not neuro-inflammation [19] is present in all ME [1,2] and ME-ICC [6] patients,
and whether neuro-inflammation is causing all symptoms is yet unclear. However, this discussion of
the definition of the disease, whether it be the original definition [1,2] or the ME-ICC [6], is independent
of the most appropriate label for the disease.
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2.2. Differences

2.2.1. Muscle Fatigability or Prolonged Post-Exertional Muscle Weakness, Mandatory for the
Diagnosis of ME, Is an Optional Element for the Diagnosis of ME-ICC

According to the original definition of ME [1,2], “Muscle fatigability is the dominant and most
persistent feature of the disease and [...] a diagnosis should not be made without it. Restoration of
muscle power after exertion can take three to five days or even longer” [20]. Muscle weakness is
mentioned as just one of the examples of symptoms related to motor dysfunction (Table 1, symptoms
type B4b) in the ICC, and motor weakness is not obligatory for the diagnosis ME-ICC [6]. Thus,
muscle weakness, especially prolonged post-exertional muscle weakness, which is mandatory for the
diagnosis of ME [1,2], is not required in order to meet the diagnosis of ME-ICC [6]. In more general
terms, while the original definition [1,2] depicts ME as a neuromuscular disease, muscular symptoms
are not required to meet the diagnosis of ME-ICC [6].

2.2.2. Post-Exertional Neuro-Immune Exhaustion, Mandatory for ME-ICC, Is Not a Mandatory
Feature of ME

Although the risks of over-exertion are acknowledged in the original descriptions of ME [1,2,20],
the abstract concepts of post-exertional malaise [4] and post-exertional neuro-immune exhaustion [6]
were never described as a mandatory symptom of ME [1,2,20]. To meet the original criteria of ME, [1,2,20]
only two symptom clusters are mandatory: muscle fatigability or prolonged post-exertional muscle
weakness and neurological disturbance, especially of cognitive, autonomic, and sensory functions,
in addition to a prolonged relapsing course and variability of the symptoms [17].

2.2.3. The Diagnosis of ME-ICC Requires Many More Symptoms Than the Diagnosis of ME

Although the original definition of ME [1,2] acknowledges the multisystemic nature of the illness,
only two features are mandatory—post-exertional muscle weakness and neurological dysfunction.
According to this original definition [1,2], cardiac and other bodily systems are variably involved
in ME. ME-ICC [6] requires at least eight symptoms. In addition to post-exertional neuro-immune
exhaustion, a patient must experience at least three neurological symptoms (Table 1, symptom category
B), at least three symptoms related to immune, gastro-intestinal/genitourinary impairments (symptom
category C), and one symptom associated with energy production or transportation impairments
(symptom category D). Thus, the diagnosis of ME-ICC [6] requires the presence of symptoms that are
optional for the diagnosis of ME [1,2].

2.2.4. Autonomic, Sensory, and Cognitive Dysfunction (Mandatory for the Diagnosis of ME) Are Not
Compulsory to Meet the ME-ICC Requirements for Neurological Impairments

One could argue that requiring at least three neurological symptoms (Table 1, category B)
is sufficient to guarantee a neurological disturbance, mandatory for the diagnosis of ME [1,2].
However, according to the criteria for ME-ICC [6], a patient experiencing headaches (category B2a),
unrefreshing sleep (category B3b), and muscle weakness (even without exertion) (category B4b)
meets the requirements of symptom category B without experiencing any specific autonomic, sensory,
and cognitive symptoms.

3. Summary

The relationship between ME [1,2] and ME-ICC [6] is illustrated in Figure 1.
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Figure 1. Overlap and differences between the case criteria of ME [1,2] and ME-ICC [6]. Note:
Surface size does not reflect proportion. The (relative) number of patients in the seven subpopulations,
especially the number of patients meeting the diagnosis of ME [1,2] and ME-ICC [6], and the patient
subpopulation in the center are yet unknown. Figure 1 illustrates seven relevant patient subpopulations:
patients meeting the diagnostic criteria of both ME and ME-ICC (the darkest grey rectangle in the
centre), three ME patients subgroups not meeting the diagnosis ME-ICC (dark grey rectangles), and
three groups of patients fulfilling the diagnostic criteria of ME-ICC, but not meeting the diagnosis ME
(light grey rectangles).

4. Discussion

ME [1,2] is a neuromuscular disease with distinctive features. The CFS case criteria [4] define a
heterogeneous group of patients [21] with chronic fatigue as a common factor. Although a part of the
CFS [4] patient group meets the diagnosis of ME [1,2] and a subgroup of patients with ME [1,2] qualifies
as having CFS [4], the case criteria of ME [1,2] and CFS [4] define two distinct clinical entities [5]. The
ME-ICC [6] criteria are meant to separate a specific patient group from the heterogeneous group of CFS
patients [4]. This article reviews similarities and differences between the original definition of ME [1,2]
and the ME-ICC [6], in order to determine objectively if the new definition of ‘ME’ (ME-ICC) [6] is a
good alternative for the original definition of ME [1,2].

One could argue that the original definition of ME [1,2] should also be compared with the
Canadian Consensus Criteria (CCC) for ME and CFS [22]. However, since the ICC [6] are meant to
replace the CCC, as it was stated that “The Canadian Consensus Criteria were used as a starting point,
but significant changes were made.” [6], a comparison between the original definition of ME [1,2] and
ME- and CFS-CCC [22] can be considered irrelevant.

ME [1,2] and CFS [4] are two different clinical entities [15] with partial overlap. For this reason,
ME [1,2] and CFS [4] cannot be replaced by the hybrid diagnosis SEID (ME/CFS) [5,16]. Hence, SEID
is not a relevant alternative for either ME [1,2] or CFS [4]. This review shows that the case criteria
for ME [1,2] and ME-ICC [6] also define two different patient groups. To unravel the etiology and
pathophysiology of ME [1,2], ME-ICC [6], and CFS [4] and to develop effective treatments, it is crucial
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to diagnose patients accurately, using objective tests if possible, [23] and to stratify patients by duration
of illness [24], age, and gender [25] in future research.

5. Conclusions

Although the ME-ICC criteria [6] have relevant similarities with the original definition of ME [1,2],
there are also several crucial differences. Muscle fatigability or long-lasting post-exertional muscle
weakness after exertion, the distinctive feature of ME [1,2], is facultative for the diagnosis ME-ICC [6].
On the other hand, PENE, an abstract notion different from post-exertional muscle weakness, is the
hallmark feature of ME-ICC [6] but is not obligatory for the diagnosis of ME [1,2]. While the
diagnosis of ME [1,2] requires two types of symptoms (muscle fatigability or post-exertional muscle
weakness and neurological dysfunction) [17], a patient has to report at least eight (one mandatory and
seven variable) symptoms to meet the diagnosis of ME-ICC [6]. Autonomic, sensory, and cognitive
dysfunction, mandatory for the diagnosis of ME [1,2], are not compulsory to meet the ME-ICC [6]
requirements for neurological impairments. Although the symptoms required to meet the ICC-criteria
for immune, gastro-intestinal, and genitourinary impairments (category C) and energy production and
transportation impairments (category D) are often experienced by patients with ME [1], they are not
compulsory for the diagnosis of ME according to its original criteria [1,2]. In summary, the diagnostic
criteria for ME [1,2] and ME-ICC [6] define different patient groups and are not interchangeable.
Future factor analysis studies [26] of the symptoms of patients meeting the discriminative definition
of ME [1,2], which only requires two types of symptoms, should clarify to what extent ME [1,2]
patients experience the mandatory and other symptoms required by the ME-ICC [6], how they meet
the diagnosis of ME-ICC [6], and how many patients meeting the diagnosis of ME-ICC [6] comply
with the original definition of ME [1,2].
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Abstract: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome leads to severe functional impairment
and work disability in a considerable number of patients. The majority of patients who manage to
continue or return to work, work part-time instead of full time in a physically less demanding job.
The prognosis in terms of returning to work is poor if patients have been on long-term sick leave for
more than two to three years. Being older and more ill when falling ill are associated with a worse
employment outcome. Cognitive behavioural therapy and graded exercise therapy do not restore
the ability to work. Consequently, many patients will eventually be medically retired depending on
the requirements of the retirement policy, the progress that has been made since they have fallen ill
in combination with the severity of their impairments compared to the sort of work they do or are
offered to do. However, there is one thing that occupational health physicians and other doctors can
do to try and prevent chronic and severe incapacity in the absence of effective treatments. Patients
who are given a period of enforced rest from the onset, have the best prognosis. Moreover, those who
work or go back to work should not be forced to do more than they can to try and prevent relapses,
long-term sick leave and medical retirement.

Keywords: CFS (Chronic Fatigue Syndrome); ME (Myalgic Encephalomyelitis); medical retirement;
prognosis; work rehabilitation

1. Introduction

Myalgic encephalomyelitis (ME) or chronic fatigue syndrome (CFS), often called ME/CFS, is
a debilitating disease characterised by post-exertional malaise (PEM) with abnormally prolonged
recovery after previously trivial and well tolerated exercise and activities, which differentiates ME/CFS
from other fatiguing conditions [1]. Patients experience a substantial loss in quality of life, with severe
disruption to occupational, social, and personal activities. It affects more women than men and in
the Netherlands it is more common than multiple sclerosis (MS) [2]. There is no diagnostic test, and
treatment is based on symptom management. Symptoms occurring in more than 80% of cases are
muscle weakness, generalized chronic pain, cognitive dysfunction—for example concentration or
short-term memory impairments, difficulty with reading or information processing—hypersensitivity
to noise and/or light, new onset headaches or migraines, joint pains, dizziness and episodes of postural
orthostatic hypotension [3]. The number of ME literate medical doctors is limited due to the lack
of teaching about this disease in medical school and post-graduate training [4]. Most doctors are
also not aware of the fact that ME has been classified as a neurological disease by the World Health
Organisation [5] since 1969 with CFS as an equivalent. Many still do not believe in the disease. This is
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partly due to the name, chronic fatigue syndrome, which to many people suggests that patients are just
a bit tired. Not many doctors will believe that a disease is serious and very disabling if it can be treated
successfully by talking (cognitive behavioural therapy or CBT) and exercise (graded exercise therapy
or GET). On top of this, many still think that “most people with CFS recover gradually over a period of
1–3 years” [6] or that there is a “50 to 80 percent recovery after 7 years in protracted chronic fatigue
syndrome, when using the Fukuda 1994 diagnostic criteria for patient selection”, as stated in the draft
report by the Australian Advisory Committee for the Chief Executive Officer of the National Health
and Medical Research Council from 2018 [7]. These misconceptions can lead to all sorts of problems
for patients including the refusal of benefits or medical retirement.

ME/CFS is not a rare disease [8] and it represents a considerable public health burden with
an estimated annual total value of direct and indirect economic costs to society in the US of $17 to
$24 billion, including $9.1 billion attributed to lost productivity [9].

The aim of this paper is to answer the following questions by reviewing the current evidence:

1. What is the prognosis of ME/CFS?
2. How does ME/CFS affect a person’s ability to work?
3. What can be expected in terms of recovery and return to work?
4. Do CBT and/or GET restore the ability to work in ME/CFS as an influential systematic review by

Cairns and Hotopf from 2005 [10] advised to postpone medical retirement until patients had had
a course of CBT and GET. Since then, many trials of CBT and/or GET have been published, which
will enable us to answer this question.

The answers to these questions are of importance to occupational health physicians, insurance
physicians, disability benefit assessors and others who evaluate adults affected by ME/CFS. As such
this paper will concentrate on ME/CFS in adults.

A comprehensive search of the literature was undertaken using electronic databases (PubMed,
Medline and the Cochrane Database of Clinical Trials and Web of Science) for articles on the natural
history of ME/CFS, on work and occupational health in ME/CFS and on the effectiveness of CBT and
GET in relation to work in studies that have been published before April 2019. We also searched the
reference lists of the articles identified for the review.

2. Overview of ME/CFS

Myalgic Encephalomyelitis got its name after an outbreak in the Royal Free Hospital in London
in 1955. The first described outbreak however happened in 1934 when 198 members of the medical
and nursing staff of Los Angeles County General Hospital fell ill. The disease was initially known as
atypical poliomyelitis. A prominent symptom was muscle fatigue on walking short distances and with
the least exertion. The follow up of the Los Angeles cases revealed chronic disability [11].

Over the years, there have been 50 to 60 documented outbreaks, however, lately ME/CFS is mostly
sporadic with occasional outbreaks [12]. It usually follows or is triggered by a viral infection, has an
unknown aetiology and the onset can be acute or gradual. There are no laboratory diagnostic tests and
case definitions (diagnostic criteria) are therefore used to define and diagnose ME/CFS. A group of
mainly British psychiatrists came up with the Oxford criteria in 1991 [13], which are primarily used in the
UK. Its only requirement is six months or more of unexplained disabling fatigue. The main characteristic
of ME/CFS, postexertional malaise [1], however is not required for diagnosis. Consequently, 85% of
Oxford-defined cases are healthy subjects with mild fatigue or chronic idiopathic fatigue who are
misclassified as ME/CFS according to a large study by Baraniuk [14]. Both the American National
Institute of Health (NIH) and the Agency for Healthcare Research and Quality (AHRQ) concluded
that the Oxford criteria are flawed and that using the Oxford case definition results in a high risk of
including patients who may have an alternate fatiguing illness or whose illness resolves spontaneously
with time. Both agencies recommend that the Oxford definition should be retired [15–17].

The most commonly used diagnostic criteria are the Centers for Disease Control and Prevention
(CDC) 1994 criteria, better known as the Fukuda criteria [18]. These criteria require 6 months or more
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of unexplained chronic fatigue and a minimum of 4 out of a list of 8 symptoms as can be seen in
Table 1. However, PEM (postexertional malaise) the core symptom of ME/CFS, is only optional and not
compulsory for diagnosis, as it is one of the eight additional criteria. Approximately 15% of people
labelled by these criteria as having ME/CFS, were in fact healthy people [19]. Newer more restrictive
criteria such as the Canadian Consensus Criteria (CCC) [12] and the International Consensus Criteria
(ICC) [20] have been created which both require PEM for diagnosis, as can be seen in Table 1. The CCC
and ICC select a smaller group of patients than the Fukuda criteria, and those diagnosed with ME are
more impaired and less likely to suffer from depression instead of ME/CFS [21].

2.1. Advances in Understanding the Pathophysiology of ME/CFS

For a long time, many doctors have thought that there is nothing wrong in ME/CFS because
routine testing does not reveal any abnormalities. However, over the past 35 years, thousands of
studies using more advanced tests have documented underlying biological abnormalities involving
many organ systems in patients with ME/CFS, as noted by Komaroff in a recent overview [22]. These
abnormalities include metabolic changes, immunological abnormalities in lymphocytes—especially in
T cells and poorly functioning natural killer cells—and significant elevation of many blood cytokines
especially in the first three years of illness which are correlated with the severity of the illness. These
studies have also shown widespread neuroinflammation of the brain and cognitive impairments not
explained by concomitant psychiatric disorders. Multiple studies demonstrate that during exercise the
tissues of patients with ME/CFS have difficulty extracting oxygen leading to impairment of cellular
energy production. This impairment is much more prominent during a second exercise tests repeated
24 h after the first [22]. Due to all these abnormalities, the American National Academy of Medicine
(NAM), formerly called the Institute of Medicine (IoM), concluded in 2015 that ME/CFS is a chronic
and disabling multisystem disease and not a psychiatric or psychosomatic one [23]. The Dutch Health
Council came to the same conclusion in 2018 [24].

2.2. Misdiagnosis and under Diagnosing

The lack of a diagnostic test, the lack of standardization of the selection criteria, the lack of
teaching about ME/CFS in medical school and the use of the Oxford criteria have resulted in ME/CFS
becoming an umbrella term [21]. Consequently, patients with fatigue due to a psychiatric disorder,
patients who experience general chronic fatigue but do not meet the other criteria, or experience
fatigue as a result of an underlying medical condition, can be misdiagnosed with ME/CFS. This has
profound implications, since a false positive diagnosis of ME/CFS may lead to improper interventions,
withholding of treatment and a prognosis for a disease they do not have [25,26]. It also leads to the
wrong impression about this disease.

It was rare for patients to get an alternative diagnosis in the clinical trials analysed by a systematic
review from 2005 [10]. Since then, a number of studies have been published that specifically looked at
the subject of misdiagnosis. Nacul et al. found that 24% of GP diagnosed cases did not have ME/CFS [27].
Two studies that analysed GP referrals to tertiary care showed that in 40% [25] and 49% [26] the diagnosis
of ME/CFS was incorrect. Johnston et al. [28] found that in a group of 535 Australian patients diagnosed
with CFS or ME by a primary care physician, 30.3% met the Fukuda criteria and only a further 32% met
both the Fukuda and the ICC. In a tertiary care study by Mariman et al. [29], 228 patients who fulfilled
the Fukuda criteria were assessed in a multidisciplinary integrated diagnostic pathway. Subsequently,
35.8% were diagnosed with another illness.

A number of primary-care studies showed the following, 22% of individuals, who believed they
had ME/CFS, did not comply with either the Fukuda or Canadian Consensus Criteria [30]. Only 30%
of patients who presented to their general practitioners (GPs) with six months or more of unexplained
fatigue, had Fukuda defined ME/CFS [31]. But it is not only GPs who get the diagnosis wrong. 21%
diagnosed with ME/CFS by one of four specialist physicians in tertiary care got alternative medical
(2%) and psychiatric (19%) diagnoses [32].
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A number of follow-up studies also reported misdiagnosis. For example, this was 10% in a
nine-year follow-up study [33], 23.1% in a three-year follow-up study [34] and 24.5% in a five-year
follow-up study [35]. Common alternative medical diagnoses are fatigue associated with a chronic
disease, obstructive sleep apnoea, depression or anxiety [25,26,29,34]. These high rates of misdiagnosis
underline the importance of evaluating differential diagnoses [35] especially when patients present
with new or worsening symptoms.

At the same time, assigning a diagnosis of ME/CFS in the current clinical setting often takes
years, as there is no diagnostic test and many physicians are uninformed or misinformed about the
disease. Consequently, an estimated 84–91% of patients affected by ME/CFS are not diagnosed with
the disease [9].

2.3. Predictors of Outcome

A range of predictors of good and poor outcome have been identified and grouped into a few
broad categories [10].

2.3.1. Illness Management in the Initial Stages

The most important prognostic factor is how the illness is managed in its initial stages according to
Dr. Ramsay [36], the infectious disease specialist involved in the management of the almost 300 patients,
mainly doctors and nurses, who fell ill during the outbreak in the Royal Free Hospital in London in 1955.
He also noted that most patients will try to go back to work in the initial stages when they are improving.
With many other illnesses that does not pose a problem, yet with ME/CFS it does. Patients who have a
period of enforced rest in the initial stages of their illness tend to have the best prognosis [36].

2.3.2. Demographics

Older age was predictive of a worse outcome in a number of studies [37–41] but other studies
reported that there was no association between age and outcome [32,42–44]. However, analysis of the
outcome of treatments in the National Health Service (NHS) CFS clinics (n= 1643) by Crawley et al. [45]
revealed that older age, increased pain and physical function at assessment were associated with
poorer physical function at follow-up. Analysis of the data from the UK CFS/ME National Outcomes
Database (n = 2170) in 2011 by Collin et al. [46] showed that men and people in older age groups were
more likely to have ceased employment due to their fatigue-related symptoms.

2.3.3. Illness Duration

Five studies suggested that illness duration was predictive of a worse outcome [32,38,42,47,48] but
this finding was not supported by five other studies that reported no association [34,49–52]. However,
the large aforementioned study by Collin et al. [46] from 2011 found that illness duration was predictive
of a worse outcome.

2.3.4. Psychiatric Comorbidity

Having a comorbid psychiatric disorder at baseline is associated with a poorer outcome according
to a systematic review by Cairns and Hotopf [10].

2.3.5. Illness Severity

Approximately, 25% of ME/CFS patients are severely affected and are homebound or bedbound
and dependent on others [53]. Severity is a major factor affecting prognosis [54]. In general, markers
of a more severe illness (chronic symptoms, severe disability, more severe fatigue and more physical
symptoms) tend to be associated with a poor outcome [30,41,44,47,48,55]. This was confirmed by the
above-mentioned evaluation of treatments in the NHS CFS clinics (n = 1643) by Crawley et al. [45].
Leone et al. [56] found that physical functioning at baseline, deterioration of physical functioning
between the baseline measurement and 12-month follow-up predicted work disability at 4-year
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follow-up. Hill et al. [47] who studied the natural history of severe ME, concluded that the prognosis
for recovery was extremely poor.

3. ME/CFS and the Occupational Health Physician

3.1. Sickness Absence

Occupational health physicians might have to advise on issues such as sickness absence, fitness
for work, work rehabilitation and medical retirement in patients who present with chronic fatigue (CF).
Most of them do not suffer from ME/CFS. Postexertional malaise, the main characteristic of ME/CFS,
is the single most important factor in discriminating ME/CFS from idiopathic CF or psychiatrically
explained CF. Moreover, it is also an important prognostic indicator of poorer outcome at follow-up [57].

From an occupational health point of view, it is important to know that ME/CFS can differ from
client to client but also that impairments can fluctuate in nature and severity throughout its course.
Symptoms can be such that they can make it difficult for clients to participate in assessments that
involve effort and concentration. For this reason, assessments should usually be brief, straightforward
and require minimal effort. There may be a need to break longer assessments into smaller segments
of 10–20 minutes. For many ME/CFS patients it is difficult to travel. Thus, in-home or phone-based
consultations may be viable alternatives [58].

Knowledge of prognostic factors—discussed earlier in this paper—related to occupational outcomes
is important because ME/CFS often leads to absenteeism and full work incapacity [56,59]. Since the
role of the occupational physicians is to advise on questions relating to work it is important to have
some insight into the work-related functions that ME/CFS can affect. It is also important to realise that
patients might be worried that they will be unable to perform to an acceptable standard due to the
limitations imposed upon them by ME/CFS. At the same time, they might fear that work may have
an adverse effect on symptoms and might cause relapses. This might not only interfere with their
current capabilities but also with the prospects of eventual improvements, recovery and a return to
work. A carefully planned and supervised programme of workplace rehabilitation should therefore
also address these fears and problems [60–62]. Such a plan is also important when patients have just
fallen ill, because the most important prognostic factor is how the illness is managed in its initial stages
as noted before. Patients who have a period of enforced rest in the initial stages of their illness tend to
have the best prognosis [36].

ME/CFS can interfere with work-related physical functions like walking, standing, sitting, lifting,
pushing, pulling, reaching, carrying, and handling. It can also interfere with mental functions including
the ability to understand, remember and carry out simple instructions, the ability to use appropriate
judgment, and the ability to respond appropriately to supervision, co-workers, and usual work
situations, including changes in a routine work setting [58].

3.2. Employment Status in ME/CFS

A large number of studies into the natural history of ME/CFS—most of them used the Fukuda
criteria—also recorded employment status as can be seen in Table 2. However, most of these studies
were not set up to for occupational health purposes. Consequently, many studies did not provide
employment data at baseline or follow-up which led to heterogeneity in the data in Table 2. Also, a
number of studies were fatigue studies containing a proportion of ME/CFS patients. An example of this
is the study by Assefi et al. [63]. 37.3% (207/555) of the responders had ME/CFS. There was no follow-up,
61% worked and almost half of them worked less hours. 29% lost their job due to the illness and 30%
were in receipt of illness benefits.
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ME/CFS studies that did report on employment data at baseline and follow-up showed the
following. Employment status did not change in a study with 42 months follow-up [40]. In two studies
with 18 months and three-year follow-up respectively, employment status decreased from 31% to
24% [49] and from 63% to 55% [34]. In a study with a follow-up of 3.8 years, 36.5% (19/52) of CFS like
cases returned to work [56]. In a nine-year follow-up by Anderson et al. [33], as a group, patients had
not improved.

Many studies contained a limited number of patients. However, the following two tertiary care
studies contained a large number of patients. In a review by Castro-Marrero et al. [3] (n = 1757),
26% were employed and 63% were unable to work due to ME/CFS. In the aforementioned study by
Collin et al. [46] of the NHS database (n = 2170), this was 41% and 50%, respectively.

Finally, studies which were done by ME Associations from Norway, The Netherlands, Australia,
Britain and America [98–102], are described in Table 3. They confirm the findings from the long-term
follow-up studies that many patients are unable to work due to their illness. Of particular interest is
the study by the Dutch ME Association (n = 629) [100], which found that the percentage of patients
who were able to work more than 40 h per week decreased from 14.8% to 0.8%. The percentage able
to work 24 to 40 h decreased from 43% to 4% and the percentage of patients who were able to work
0 to 8 h increased from 1.4% to 28%. These are similar to the findings by TNO (The Netherlands
Organisation for Applied Scientific Research) [2], a renowned independent Dutch research institute.
In their evaluation study of 924 patients, 7% had never been on long-term sick leave. However, 2/3 of
the 7% had to reduce their hours and 1/3 of them had to change their work due to ME/CFS. 23% who
had been on long-term sick leave had gone back to work so that a total of 30% of patients were working.
Approximately 77% of these 23%, however, needed adjustments to work. Many had to reduce their
hours, were now doing sedentary and less physical work, often involving work behind a computer.
Also, less people were able to work in management positions.

Table 3. Work status according to patient charities and independent research Institutes.

Study n Works Status

25% ME Group (2004) [103] 437 severely
affected patients In receipt of state illness benefits 98% and disability living allowance 86%

Bringsli (2014) [98] 1096 50% received temporary disability benefits, 25% were
medically retired 5% worked full time, 10% part-time

Chu (2013) (FDA Survey) [99] 623 Disabled and unemployed due to CFS 53.4% and
21.9%; working part-time 7.0% and full-time 5.7%

De Kimpe (2016) [100] 629

71.38% worked > 8 h a week before falling ill with CFS.
Due to CFS only 45.79% are able to work.

Also, those who are able to work:
> 40 h decreased from 14.8% to 0.8%;

32 to 40 h decreased from 29.7% to 1.6%;
24 to 32 h decreased from 13.67% to 2.34%;

0 to 8 h increased from 1.43% to 27.98%.

Emerge Australia (2018) [101] 610 74% had to stop working due to CFS, this usually
occurred around one yr after the onset of symptoms.

ME Association (UK) (2015) [102] 1428 Net increase in disability benefits of 10% after CBT, 13% GET and 1% after pacing

Nivel (2008) [104] 412 71.0% are (partially) medically retired due to CFS.
20.7% worked, mean 20 h/week; 15% worked > 32 h/week.

TNO (2005) [2] 924

30% were working; 7% had never been on long-term sick leave and 23% had been
able to go back to work after long-term sick leave but they were working less hours.

They were also less often involved in management and more often did sedentary
work behind a computer. 34% were fully and 22% were partially medically retired

Note: Nivel and TNO are two independent Dutch research institutes.

A study by Vercoulen et al. (1997) [95] that used the Oxford criteria, found similar employment rates
for CFS (27%) as for MS (28%). It also found that 43% of CFS patients were on invalidity benefits/sick
leave compared to 32% of MS patients. However, a study by Natelson et al. [80] used the much stricter
1988 CDC criteria [105], when they compared ME/CFS with MS, major depression and healthy controls.
The percentages of patients that were unable to work due to illness were the following: 56% (ME/CFS),
5% (MS), 18% (depression) and 0% (healthy controls). A study by Sharpe et al. [43] showed that despite
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using the Oxford criteria, 65% were functionally impaired. At one-year follow-up it was found that
most patients had been unable to work for prolonged periods. They were also unable to walk 90 m and
38% had abandoned employment due to their illness altogether.

A number of studies also reported on improvements over time. In a three-year follow-up study
by Nisenbaum et al. [34], 57% had a relapsing remitting course. A large study by Stoothoff et al.
(n = 541) [89] found that 17.3% worked full or part-time; 15.9% were constantly getting worse yet 14%
of those constantly getting worse, were still working; 8.5% were relapsing and remitting while only
1.9% were constantly getting better. 59.7% had a fluctuating course which is similar to the 57% found by
Nisenbaum et al. [34]. A study by Clarke et al. [37] with a 2.5 year follow-up, found that 3% recovered,
38% improved and 59% got significantly worse or there was no change.

3.3. Work Rehabilitation

Work rehabilitation will usually need to start with a workload and number of hours of work that
are dramatically reduced [60] using an individualised return to work plan taking the symptoms and
specifics of the disease and the way it is affecting the individual employee into account. In particular,
care should be taken to match the proposed duties in employment to the subject’s capabilities. Strenuous
physical work, long working hours, rapidly changing shift patterns, work requiring sustained high
levels of attention and concentration are likely to place sustained high pressure on the employee and
are inadvisable or at least require careful monitoring until it is clear that the employee is able to sustain
this level of work. Care must be taken not to set definite deadlines in anticipating recovery and future
employability to avoid causing relapses [12].

In the UK, most employees with ME/CFS fall under the Disability Discrimination Act 1995 [61].
Most other western countries will likely have a similar Act in place. This Act requires that an employer
should make ‘reasonable adjustments’ to the workplace and to working practices, so that a disabled or
chronically ill employee is not at a disadvantage compared to abled bodied employees and is able
to work despite his or her disability. Workplace adjustments that fall under this disability act, could
include: changing location of work, working from home, limiting working hours, reducing workload
and limiting or reducing physical tasks [60–62]. Small modifications to the working environment can
make a big difference for ME/CFS patients. Examples of such modifications might be creating a quiet
area to rest without being disturbed or the use of an allocated parking space near the entrance of the
building [61,62].

People with ME/CFS often feel under pressure to continue working when they first become ill or
when their symptoms worsen. Unfortunately, trying to push through this illness is counterproductive,
potentially causing longer sickness absences and slower recovery. Returning to work after a period of
illness with ME/CFS requires a much more gradual approach than most other phased returns and can
require a year or more instead of weeks or months. A return to previous hours within eight weeks,
as happens with some other illnesses, is likely to be counter-productive. A slow and gradual return
tailored to the individual and his symptoms is more likely to be sustainable without leading to relapses
which can cause long term sick leave. It is important that (time to) travel to/from work, is incorporated
and taken into account in the work rehabilitation programme [61]. It can be difficult for employees
with ME/CFS to maintain a consistent level of working, because of the fluctuating nature of the illness,
whereby symptoms can also vary from day-to-day. This can be frustrating and challenging for all
parties involved including the employee with ME/CFS. In some cases, flexible working hours might be
the solution to that [61,62].

NIVEL, the Netherlands Institute for Health Services Research, published a report (n = 412) about
ME/CFS [104]. They found that 20.7% were working a mean of 20 hours per week, 6.1% were going
to school or studying and 71.0% were partially or fully medically retired from work due to ME/CFS.
According to research by TNO [2] (n = 924), another independent Dutch research institute, 34% were
fully and 22% were partially medically retired. The most important problems interfering with work
were severe and disabling chronic fatigue, concentration problems/cognitive dysfunction and/or muscle
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pain (for more information about this TNO report, see earlier). According to the findings by NIVEL,
only 22.5% of those who were working, were working more than 24 h per week. The report found
that there are a number of important things according to the respondents who were working, which
had enabled them to (return to) work. The most important thing for 92% was support in finding the
right balance between work and spare time and support and cooperation from the employer to enable
patients to continue to work (84%). Other things that respondents found important were the following:
supplying information about ME/CFS to colleagues and superiors (62%), changing tasks (61%) and
reducing the number of hours they had to work (61%); more rest periods during working times (60%)
and the availability of a special rest place at work (45%); working from home (52%), individual support
and coaching in general (51%) and by an occupational health physician in particular (44%); adjustments
to working conditions (furniture, physical aids) (38%) and a regulation or provision for commuting to
work (36%).

3.4. Medical Retirement

In cases when incapacity is prolonged, work rehabilitation is impossible or unsuccessful and
prognosis appears to be poor, then medical retirement might be the only option. The occupational
physician may then be asked to advise on this if the employee is covered by a company pension
scheme which makes this provision. Qualifying criteria inevitably vary, although permanent inability
to undertake normal duties for reasons of ill health is a common requirement [60–62].

4. CBT and GET and Work Outcome

A systematic review by Whiting et al. [106] concluded that many studies of behavioural therapies in
ME/CFS do not use outcomes that are relevant to patients. Examples of outcomes that would be relevant
to them, according to Whiting et al., but also according to a systematic review by Smith et al. [107],
would be quality of life, objective outcome measures—like the actometer or the six-minute walk
test—and employment and disability status. CBT and GET studies that reported on work outcomes are
presented in Table 4.

Akagi 2001 et al. [108], concluded that CBT was effective and that those who worked had increased
from 15 to 27 (n= 94). However, 10 of those 27 were actually on sick leave, 5 of those 27 were unemployed
and 77% of those working changed occupation due to their illness. Also, the dropout rate was 46%
(43/94). Moreover, it was a non-randomised study without a control group and patients were selected if
they satisfied the Oxford criteria or criteria for neurasthenia yet all of them were classified as having
ME/CFS.
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Dyck et al. [115] was a case study (n = 2) of a multidisciplinary programme including 30 min
of fitness twice a week. Such a workload would exclude most patients with ME/CFS. Fulcher and
White (n = 66) [117] created a study that used the Oxford criteria. 39% were working or studying at
least part time at trial entry, compared with 47% after treatment. However, as found by the reanalysis
of the Cochrane exercise review for ME/CFS [159], there were a number of issues with this study.
Participants in the exercise group had sessions of five to fifteen minutes, increasing to a maximum of
thirty minutes, at least five days a week. Such a workload would exclude most patients with ME/CFS.
Moreover, the normal fitness scores (VO2max) at baseline in the GET group (31.8) cast further doubts
about the diagnosis as this score is well above the score for mildly impaired ME/CFS patients (22.1)
according to VanNess et al. [160]. It is also well above the threshold of impairment (25) according to
the American Medical Association [161]. Moreover, patients with a common symptom of ME/CFS
(sleep disturbances) were excluded yet patients on full dose antidepressants were not. All this together
raises serious concerns about whether this was in fact a trial for patients with ME/CFS. Finally, there
was an important difference of the fitness of the GET group at baseline compared to the control group
(VO2max score 31.8 versus 28.2).

In a non-randomised non-controlled trial by McDermott et al. [128], 9.2% (9/98) returned to work
full time and 6.1% (6/98) part-time after a lifestyle management programme. This programme used
the principles of CBT and graded activity for ME/CFS within a biopsychosocial framework [113] with
pacing as the core strategy [128]. Pacing is an illness management strategy to stay within one’s energy
envelope which has been practiced by patients for a long time as a strategy to try and prevent relapses
and optimise the things they can do [162].

A non-randomised non-controlled trial of six patients that tested the efficacy of group CBT by
Saxty et al. [138], found that the two people who had been working part time had increased their hours
and the one patient who was working full time continued to do so. Wittkowski et al. [152] conducted
a non-randomised non-controlled trial of group CBT that also only included six patients. Two of
them dropped out, one patient returned to full time employment while another worked part time on
a phased return. Scheeres et al. [139] was another non-randomised non-controlled study in which
“relatively many patients (62%) had a paid job” at baseline according to the authors. The number of
contract hours after CBT decreased from 16.2 to 14.9 but the number of hours worked increased from
9.4 to 11.4 per week.

Marlin et al. (1998) [125] was a non-randomised study in a privately funded clinic of a
multidisciplinary intervention consisting of medical treatment if needed, pharmacological treatment of
comorbid defective or anxiety disorders and CBT for ME/CFS. 50% of the participants in the treatment
group were treated with full-dose antidepressant, which suggests that they were suffering from
depression. There was 25.5% (13/51) and 21.6% (11/51) in the treatment group and 0% and 5% in the no
treatment control group had resumed work at the end of treatment and follow-up, respectively. Many
in the no treatment group had refused to take part in a behavioural intervention programme. Also,
69% (49/71) were lost to follow up.

Friedberg et al. [116] was set up to assess the efficacy of behavioural self-management (CBT
delivered by a booklet and audio CDs) in severe ME/CFS. The authors concluded that there was
significantly reduced fatigue at three months but not at twelve-month follow-up compared to the no
treatment control group (usual care). Also, that it appeared to be less effective in comparison to findings
reported for higher functioning groups by other trials. The trial found that behavioural self-management
did not lead to objective improvement (actigraphy, step counter and six-minute walk test). At baseline,
15.3% (21/137) worked full time and 21.2% (29/137) part-time or halftime. No employment data is
available from follow up. The high rate of participants working at baseline together with the distance
walked during the six-minute walk test (336 m), raises serious concerns about whether this was in fact a
trial for patients with severe ME/CFS.

Other trials of behavioural interventions that provided employment data at baseline but not at
follow-up, were conducted by for example Hlavaty et al., Lopez et al., Schreurs et al., Vos-Vromans et al.
and Wearden et al. [118,124,140,142,145].
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Trials by Bazelmans et al., Jason et al., O’Dowd et al. and Prins et al. [109,122,130,131], with
follow-up ranging from 6 to 14 months, found no statistically significant difference in employment
status between the treatment and control group at follow-up. This was also found by Deale et al. [114]
at 5-year follow-up.

More patients had resumed work at 4- and 12-months follow-up in the no treatment control group
compared to the group that was treated with CBT delivered by GPs in a trial by Huibers et al. [119].

An evaluation of the efficacy of CBT in the Netherlands by Koolhaas et al. [123] found that after
CBT, patients worked five hours per week less and the percentage of patients who were able to work,
had decreased from 41% to 31%.

In the PACE trial (n = 641) by White et al. [148], lost employment remained the same (84%)
after CBT and increased from 83% to 86% after GET. The number of participants on income benefits
increased from 10% to 13% (CBT) and from 14 to 20% (GET); disability benefits increased from 32% to
38% (CBT) and from 31% to 36% (GET); payments from income protection schemes or private pensions
increased from 6% to 12% (CBT) and from 8% to 16% (GET) [150]. Evaluation of the efficacy of CBT
and GET in the Belgian CFS knowledge centres (n = 655) showed that employment status decreased
from 18.3% to 14.9% and sickness allowance status increased from 54% to 57% [141].

Collin and Crawley [111] analysed the efficacy of treatments provided by 11 CFS/ME specialist
services in the UK (n = 952). These services treated patients with CBT, GET, a combination of both or
activity management which was more effective in fatigue reduction at 12 months follow-up than CBT
and GET. Also, there was no change in employment situation after treatment in the NHS clinics in
47.2 % cases. 18.0% were able to return to work or increase their hours and 30.0% stopped working or
reduced their hours because of ME/CFS. Therefore, the net effect was that 12% stopped working or
reduced their hours after NHS treatment.

5. Discussion

A large supplier of nationwide occupational health services had questions about medical retirement
for ME/CFS, how ME/CFS affects a person’s ability to work and what can be expected in terms of
recovery. Yet they were unable to find an article in the medical literature addressing these questions.
We were also unable to find such an article. Therefore, we reviewed the literature to see if we could
answer these questions.

The name, chronic fatigue syndrome, has had a huge impact on the medical, scientific and patient
communities—how it is viewed and how patients are treated by the medical profession [163]. That
together with the fact that most ME/CFS patients look well and have no outward signs of illness,
combined with the lack of training in medical school and during post graduate education, means
that many doctors are not aware of the severity of ME/CFS [164] or that 25% are too ill to leave their
homes [53]. Nor are they aware of the fact that the quality of life in ME/CFS is worse than in other
severe illnesses like MS, lung cancer, chronic renal failure or stroke [165].

Most cases tend to start as an unremarkable viral infection. However, instead of recovering, patients
begin to experience profound muscular (and cognitive) fatigue—for example heavy legs—following
activities which were previously completed without difficulty. Also typical is an abnormally prolonged
delay in the restoration of muscle (and brain) power [166]. Consequently, people with ME/CFS are
often unable to engage in economically productive work and typically request sick leave as a solution to
their health crisis [167]. Prior to developing ME/CFS, most patients were healthy, sporty and active [4].
There is no diagnostic test, therefore diagnostic criteria are used to diagnose ME/CFS. Over the last
35 years and especially in the last 5 to 10 years, many different biological abnormalities have been
found in patients with ME/CFS distinguishing them from healthy controls [22]. Due to these, the
Institute of Medicine—now called the American National Academy of Medicine—concluded in 2015
that ME/CFS is a severely debilitating chronic multisystem disease [23]. A great deal more is known
today about the underlying biology of ME/CFS but unfortunately, we do not have a diagnostic test yet.
However, a recently published small study of 20 cases and 20 controls, reported that a test they had
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developed involving a nanoelectric chip, which is capable of measuring minuscule energy changes in
cells in the blood to gauge their health when exposed to stress. In this case salt, was able to distinguish
between cases and controls with 100% certainty [168]. A much larger study is now needed to confirm
the accuracy of this test. Not only to distinguish cases from healthy controls but also to distinguish
them from other fatiguing illnesses.

Growing awareness of the underlying biological underpinnings has created increased international
awareness and interest in the illness. This will accelerate research and the finding of a diagnostic test
and effective pharmacological treatment [22]. However, we will have to continue to rely on diagnostic
criteria to diagnose the illness as has been the case so far until such a test becomes available.

Just like with most other illnesses, illness severity can vary between patients. Mildly affected
patients have a substantial activity reduction according to the Fukuda criteria [18], and at least a 50%
activity reduction in comparison to before they fell ill according to the 1988 CDC criteria [105] and the
2011 International Consensus Criteria [20]. Unfortunately, postexertional malaise (PEM), the main
characteristic of the disease, is not a requirement for diagnosis according to the Oxford criteria [13]
which are primarily used in the UK. Moreover, it is only an optional requirement according to the
Fukuda criteria [18], the most commonly used criteria to diagnose ME/CFS. PEM is compulsory for
diagnosis according to newer diagnostic criteria—the Canadian Consensus Criteria and its revised
version, the International Consensus Criteria [12,20] as can be seen in Table 1. The consequence of using
criteria that do not require the main characteristic of the disease to be present is that in a substantial
number of cases, as discussed earlier, patients do not suffer from ME/CFS but they have a self-limiting
illness [15,16] or a disease which in many cases would be treatable if patients had gotten the right
diagnosis. The combination of a lack of a diagnostic test, using different diagnostic criteria and the lack
of adequate training about this illness in medical school has led to 2 problems. First of all, up to 50% of
patients diagnosed with ME/CFS have an alternative explanation for their symptoms [25,26]. Many
of the alternative diagnoses are currently treatable which would mean that many patients could go
back to work if they would get the right diagnosis and treatment. The diagnosis of ME/CFS should
be reconsidered if none of the following key features are present:: post-exertional fatigue or malaise,
cognitive difficulties, sleep disturbance (unrefreshing sleep or reversal of sleep pattern) and chronic
pain [8]. The diagnosis should also be reconsidered if patients deteriorate or get new symptoms.
Secondly, according to estimates, around 90% of patients affected by ME/CFS are not diagnosed with
the disease. Improving diagnosis and optimizing management can have significant economic and
public health consequences [9]. In particular because shorter illness duration is a significant predictor
of sustained remission, and thus early detection of ME/CFS is of utmost importance [34].

A meta-analysis by Franklin et al. [169] of 32 studies found that ME/CFS patients have a substantially
reduced VO2peak compared to healthy sedentary controls. If occupational health physicians have
doubts about the legitimacy or the severity of the disease in a specific case then this physiological
abnormality, together with postexertional malaise, can be detected by two-day cardiopulmonary
exercise testing (CPET) using the protocol of the Workwell Foundation [170]. The downside of CPET
in ME/CFS however is that it is expensive, it can lead to relapses and severely affected patients are too
ill and disabled to do it. Alternatively, in such a case, it could be worthwhile considering a second
opinion by a ME/CFS literate medical doctor.

5.1. What Can Be Expected If a Patient Is Diagnosed with ME/CFS?

A comprehensive review of the literature on the natural course of ME/CFS in adults showed that
the illness runs a chronic course. A progression or worsening of symptoms is seen in 10 to 20% of cases
and overall the prognosis in terms of return to work is poor. Also, only 5% will recover [10]. In clinical
trials of ME/CFS, the term recovery often reflects less than full restoration of health. A more appropriate
and accurate label for this would be clinically significant improvement [164]. However, it’s not only
clinical trials that suffer from this problem. Brown et al. [65] found that adults who labelled themselves
as recovered from ME/CFS, showed significant impairments on 21 out of 23 outcomes compared to
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healthy controls. Moreover, on 17 of those 23 outcomes, the impairments were the same as for those
who were still ill with ME/CFS, which suggests that patients adapt to their impairments instead of
recover from them. A working group, reporting to the Chief Medical Officer (CMO) for England [55],
concluded that most of those who feel recovered stabilise at a lower level of functioning than that before
their illness. Consequently, even a recovery percentage as low as 5, might well be too optimistic.

Contrary to typical patterns of chronic disease, where the most severe cases present to medical
professionals, severe cases of ME/CFS are less likely to do that [28] due to being bedridden and too ill
to attend. Several studies have shown that the prognosis for patients with severe ME/CFS, including
young patients with severe ME/CFS, is worse than for ME/CFS in general. Early management of
the illness appeared the most important determinant of severity [54]. Dr Melvin Ramsay [36], the
infectious disease specialist who witnessed and documented the outbreak of ME in the Royal Free
Hospital in London in 1955, wrote the following about that: “The degree of physical incapacity varies
greatly, but the dominant clinical feature of profound fatigue is directly related to the length of time
the patient persists in physical effort after its onset; put in another way, those patients who are given a
period of enforced rest from the onset have the best prognosis.” In the absence of effective treatment,
this is the only thing that occupational health physicians and other doctors can do in the beginning of
the illness, to try and prevent chronic and severe physical incapacity, long-term sick leave and medical
retirement later on in the course of the disease.

5.2. Factors Predictive of a Worse Outcome

Illness severity is strongly implicated in a poor prognosis for ME/CFS [54]. Those who are more
fatigued experience a greater number of somatic symptoms and an increase in functional limitations.
These factors make it more difficult to recover from ME/CFS [41]. A systematic review by Cairns and
Hotopf [10] found that having a comorbid psychiatric disorder at baseline was associated with poorer
outcome and Vercoulen et al. [49] found the same for cognitive factors. Psychosocial factors show little
relationship to recovery [171]. Smoking and personality are not risk factors [172]. Neurotic traits are
more frequent among the less severely ill. Conscientiousness is not related to severity [54]. Patients
with ME/CFS and Fibromyalgia (FM)—FM is a comorbidity in 50% to 60% of cases—are three times
more likely to become non-improvers than those without FM [44]. Patients who are more ill and have
comorbidities are less likely to be able to work than those with milder ME/CFS without comorbidities [3].
While there is good reason to suggest that a positive attitude will help in the prognosis of any disease,
including ME/CFS, there is little empirical evidence to support the assertion that attitudes, behaviour or
underlying personality have a major role in determining outcomes [54]. Men, people in older age groups,
and people who have been ill for longer are more likely to have ceased employment due to their illness.
These factors are predictive of a worse outcome [45,46]. Poorer outcome is also predicted by increased
pain and worse physical functioning at onset [45]. Disability was the main independent predictor of
discontinuation of employment in a study of employees on long-term sick leave due to fatigue [56].
The NHS database findings suggest that people with ME/CFS continue in employment despite the
primary (fatigue and pain) and secondary effects (depression and anxiety) of ME/CFS. Instead, loss of
physical capacity is the ultimate arbiter of inability to continue working [46]. The prognosis is better if
patients developed ME/CFS during an outbreak [173], after glandular fever/mononucleosis [52] or after
Giardia enteritis [35,79].

5.3. Employment Status

The inability to work due to ME/CFS is high [59]. Between 27% and 65% of CFS patients are
reported not to be working, and less than a third of patients are estimated to resume employment
within three years after diagnosis, as found by a systematic review [10]. Many who improve, experience
the majority of their improvement relatively quickly [55]. Van der Werf et al. [94] found that after a
follow-up period of 12-months, spontaneous recovery was rare and only occurred in patients with
an illness duration of less than 1.5 years. A prospective study by Vercoulen et al. [49] followed up
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298 patients with a relatively long duration of complaints—median 4.5 years—for 18 months. They
found no improvement in employment and benefit status. This despite the fact that the study included
51 patients with an illness duration of less than two years, who according to the same study are more
likely to improve. Nine-year follow-up of a Danish group of CFS patients, showed that recovery
and substantial improvement are uncommon and that patients as a group neither improved nor
deteriorated since diagnosis [33].

Studies that reported on employment status found large differences between ME/CFS patients and
healthy controls (see Table 2) but also between ME/CFS, MS, depression and healthy sedentary
controls [80]. These data are often from small(er) studies, larger studies show the following.
Castro-Marrero et al. [3] (n = 1757) found that 62.8% were unemployed due to ME/CFS and 25.6% were
employed. The rest had never worked. Collin et al. [46] who analysed the NHS database (n = 2170)
found that 41% were employed and 50% had discontinued work due to ME/CFS which is similar to the
54% found by a systematic review by Ross et al. [59]. TNO, an independent Dutch research institute [2]
(n = 924) found that 30% were working; 7% had never been on long-term sick leave and 23% had been
able to go back to work after long-term sick leave but they were working less hours. They were also
less often involved in management and more often did sedentary work behind a computer. Nivel,
another independent Dutch research institute [104] (n = 412), found similarly high rates of patients
unable to work due to their ME/CFS. It also found that only 1/4 of patients who worked, were able to
work more than 24 hours a week. Reports by ME Associations from around the world [98–102] also
highlight the large number of patients who are unable to work due to ME/CFS (see Table 3).

5.4. Medical Retirement

In cases where incapacity is prolonged, work rehabilitation is impossible or unsuccessful and
prognosis appears to be poor, then the occupational health physician may be asked to advice on the
possibility of retirement on the grounds of ill health if an employee with ME/CFS is covered by a
company pension scheme which makes this provision. Qualifying criteria inevitably vary, although
permanent inability to undertake normal duties for reasons of ill health is a common requirement [60].
Important aspects of a work capability and functional capacity assessment are the influence of symptoms
such as pain, fatigue and cognitive problems on the ability to work, bearing in mind that cognitive
problems, together with physical problems are often the reason why patients stopped working [46]. It is
estimated that between 74% and 95% of ME/CFS patients have some type of cognitive deficit [174,175]
which are cited as some of the most disruptive and functionally disabling symptoms of ME/CFS [114].
Studies of objective neuropsychological functioning in ME/CFS consistently document impairment
in information-processing speed, auditory attention and memory [176]. In addition, Chu et al. [68]
found that cognitive symptoms present at the beginning of the illness tend to persist, declining by
only 4–10%.

Although many patients are eventually retired, such action should be a last resort. On the other
hand, the prognosis for recovery and substantial improvement that enables a return to work is poor if
patients have been off work for 2 to 3 years. This was confirmed by the Inspectorate Work and Pay of
the Dutch Ministry of Work and Social Affairs [177]. This Inspectorate concluded that if patients have
been on long-term sick leave for two years or more and treatment with CBT did not make a difference,
then the prognosis for a return to work is poor.

If employees are mildly affected yet unable to work and the occupational health physician is
reluctant to award medical retirement than it seems reasonable to award retirement benefits for a
limited time followed by a case review in six months to a year. Long-term compensation to secure
the socioeconomic position does not inhibit return to work, but may be an essential contributor to
becoming employed later on [52]. The reason for this might be that it prevents patients from going
over their limits if they would be forced to do work which they are unable to do which might seriously
disrupt the naturally occurring recovery or improvement process in persons with ME/CFS.
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5.5. Strengths and Limitations of This Review

Limitations of this review are caused by the use of different selection criteria by the studies in the
review, so that patients might have been included who do not have ME/CFS. Also, by the variability in
follow-up periods. Furthermore, some studies are prospective whilst others are retrospective. In some
studies patients were seen by physicians to check the diagnosis, other studies relied on questionnaires
only. Studies did not consistently report about work status at both baseline and follow-up. Nor did
they consistently describe employment status as full-time or part-time, previous or new work, or
duration before returning to work. Studies also only measured outcomes at baseline and one follow-up
moment but not more frequently. Therefore, in those studies it was impossible to see whether self-rated
improvement or recovery and return to work was maintained or temporary.

Despite these limitations, one conclusion supported by all studies is that ME/CFS patients who
fulfil strict diagnostic criteria, have worse prognosis compared to patients fulfilling lenient criteria
and that the prognosis in general is poor. Reports by two independent Dutch research institutes, the
large Spanish study by Castro-Marrero et al., the evaluation reports of the Belgian CFS clinics, the
British NHS CFS clinics and the NHS database [2,3,45,46,104,111,141] provide detailed analyses about
employment status in CFS adding to the strength of the evidence gathered by this review. Another
strength of this review is that 38 CBT and/or GET studies that reported on work status were reviewed.
Previously, a systematic review by Ross et al. (2004) [59] reviewed 4 CBT and/or GET studies that did so.
Systematic reviews by Cairns and Hotopf (2005), Castro-Marrero et al. (2017), Chambers et al. (2006),
Malouff et al. (2007), Smith et al. (2015) and Whiting et al. (2001) [10,106,107,178–180], a systematic
review and meta-analysis by Marques et al. (2015) [181] and a meta-analysis by Castell et al. (2011) [182]
did not review this.

5.6. Do CBT and GET Restore the Ability to Work in ME/CFS?

An influential systematic review by Cairns and Hotopf [10] concluded in 2005 that because
there is increasing evidence for the effectiveness of CBT and GET, that “Medical retirement should
be postponed until a trial of such treatment has been given.” Consequently, many patients in The
Netherlands have been forced to undergo these treatments and illness benefits and medical retirement
were often not awarded if patients refused to do so. The Dutch Health Council concluded in March
2018 that ME/CFS is a serious and chronic multisystem disease and that CBT and GET are not adequate
medical treatments for ME/CFS [24]. It also concluded that patients should not be forced to undergo
these treatments. However, the chairman of the Dutch Association of Insurance Physicians said in
a recent interview in a Dutch medical journal [183] that he did not agree with this. He was also
urging insurance physicians to question patients’ recovery behaviour if they refused to be treated with
CBT and GET and to force patients to undergo these treatments. In the Netherlands the more than
700 insurance physicians of the UWV (Uitvoeringsinstituut Werknemersverzekeringen or Employee
Insurance Agency) [177] decide if employees will be granted (temporary) medical retirement.

This raises the question if these treatments restore the ability to work. To answer this question, we
analysed studies that tested the efficacy of CBT and/or GET and reported on employment outcomes
(see Table 4). One of these studies was a study by Prins et al. (2001) [131], the largest CBT trial from the
Netherlands (n= 278) which found that CBT does not improve employment status compared to doing
nothing. Another important study was the PACE trial (n = 641) [148], the largest CBT and GET trial ever
conducted. The efficacy of these treatment has also been assessed in real life outside of clinical trials,
in the Belgium CFS knowledge centres (n = 655) and the NHS CFS clinics (n = 952) [111,141]. These
evaluations, just like the PACE trial itself, showed that CBT and GET do not improve employment
and illness benefit status. As a matter of fact, both deteriorated. After treatment, more patients were
unable to work and more were receiving illness benefits. Also, a systematic review by Ross et al. [59]
concluded in 2004 that CBT and GET did not prove effective in restoring the ability to work. Chambers
et al. and Castro-Marrero et al. [178,179] documented this conclusion by Ross et al. in their systematic
reviews in 2006 and 2017, respectively. Consequently, being treated with CBT and GET should not be
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a requirement to be eligible for medical retirement. Moreover, there is also no point in questioning
patients’ recovery behaviour or forcing them to undergo these treatments.

6. Conclusions

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome leads to severe functional impairment
and work disability in a considerable number of patients. The majority of patients who manage to
continue or return to work, work part-time instead of full time in a physically less demanding job.
The prognosis in terms of returning to work is poor if patients have been on long-term sick leave for
more than two to three years. Being older and more ill when falling ill are associated with a worse
employment outcome. Cognitive behavioural therapy and graded exercise therapy do not restore the
ability to work. Consequently, many patients will eventually be medically retired depending on the
requirements of the retirement policy, the progress that has been made since they have fallen ill in
combination with the severity of their impairments compared to the sort of work they do or are offered
to do. However, there is one thing that occupational health physicians and other doctors can do to try
and prevent chronic and severe incapacity in the absence of effective treatments. Patients who are
given a period of enforced rest from the onset, have the best prognosis. Moreover, those who work or
go back to work should not be forced to do more than they can to try and prevent relapses, long-term
sick leave and medical retirement.
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Abstract: Considerable controversy has existed with efforts to assess post-exertional malaise (PEM),
which is one of the defining features of myalgic encephalomyelitis (ME) and chronic fatigue syndrome
(CFS). While a number of self-report questionnaires have been developed to assess this symptom,
none have been comprehensive, and a recent federal government report has recommended the
development of a new PEM measure. The current study involved a community-based participatory
research process in an effort to develop a comprehensive PEM instrument, with critical patient
input shaping the item selection and overall design of the tool. A survey was ultimately developed
and was subsequently completed by 1534 members of the patient community. The findings of this
survey suggest that there are key domains of this symptom, including triggers, symptom onset,
and duration, which have often not been comprehensively assessed in a previous PEM instrument.
This study indicates that there are unique benefits that can be derived from patients collaborating
with researchers in the measurement of key symptoms defining ME and CFS.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; post-exertional malaise;
assessment; patient-driven questionnaire; participatory research

1. Introduction

Among patients with myalgic encephalomyelitis (ME) and chronic fatigue syndrome (CFS),
post-exertional malaise (PEM) has long been considered a hallmark symptom [1]. However, in a field
which includes more than twenty case definitions for ME and CFS, there has not been agreement
regarding defining PEM [2]. For example, discrepancies occur with two of the most frequently used ME
and CFS case definitions, the Fukuda [3] and Canadian Consensus Criteria (CCC; [4]). The Fukuda et al.
criteria do not define the term beyond requiring that it last for more than 24 h nor does it make PEM
a requirement for diagnosis. In contrast, the CCC case definition requires the presence of PEM for
diagnosis and goes further to describe the symptomatic experience as similar to flu-like distress, with
a potential delayed onset [4].

Several activity and self-report measurements that assess the extent of activity and how such
activity might result in exacerbation of symptoms have been proposed to measure PEM. These include
actigraphy, exercise challenges, time logs, and self-reports [5]. For example, following an exercise
task, Mateo et al. [6] reported a broad spectrum of PEM-related symptoms including fatigue,
muscle/joint pain, cognitive dysfunction, decrease in function, headaches, sleep disturbances, pain,
weakness, cardiopulmonary symptoms, lightheadedness, and flu-like symptoms. Others have found
using self-report measures that PEM comprises two distinct constructs: muscle-specific fatigue and
generalized fatigue [7].
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Factors which elicit PEM include physical and cognitive exertion. For some patients, even basic
activities of daily living such as toileting, bathing, dressing, communicating, and reading can trigger
PEM. However, many patients feel that potential triggers should extend beyond these types of stressors
and include infections [8], exposure to chemicals or certain foods [9], or exposure to certain metals [10].
Additionally, many efforts to assess PEM have not included a characteristic delay in the onset of PEM.
Chu et al. [11] maintain that this delay is rarely found in other fatiguing illnesses. Another issue
that has often not been included in the assessment of PEM is that many patients with ME and CFS
take considerably longer to recover from a trigger [12], reporting a substantial increase in symptoms
immediately after an exercise test, the next day, and even a week later [13].

In an effort to address these PEM-related discrepancies, the National Institutes of Health/Center
for Disease Control and Prevention (NIH/CDC) Common Data Element (CDE) committee’s PEM
working group attempted to define PEM [14] as “an abnormal response to minimal amounts of physical
or cognitive exertion that is characterized by: (1) Exacerbation of some or all of an individual study
participant’s ME/CFS symptoms. (2) Loss of stamina and/or functional capacity. (3) An onset that can
be immediate or delayed after the exertional stimulus by hours, days, or even longer. (4) A prolonged,
unpredictable recovery period that may last days, weeks, or even months. (5) Severity and duration
of symptoms that is often out-of-proportion to the type, intensity, frequency, and/or duration of the
exertion.” Yet, there was no set of items with anchor points associated with these 5 descriptors of PEM
offered by the NIH/CDC CDE PEM working group. While the general guidance of the committee was
helpful, these types of general descriptions need to be operationalized if investigators are to reliably use
them to assess PEM. The NIH/CDC CDE’s PEM working group also recommended the use of 5 items
from the DePaul Symptom Questionnaire (DSQ, [12]) to measure PEM (e.g., physically drained or sick
after mild activity). However, the DSQ was not developed as a comprehensive measure of PEM but
rather as a measure of ME and CFS symptomatology as a whole. Following the release of the NIH/CDC
CDE’s PEM recommendations, patients were extremely concerned with the recommendations that
had been made [15].

This latest NIH/CDC CDE’s recommendations regarding the measurement of PEM needs to be
understood in the context of a long history where patients have felt left out of key policy decisions
imposed on them, including how to name, define, and treat ME and CFS. As one example, when
the Institute of Medicine (IOM; [16]) recommended a new name and case definition, this created
considerable controversy, as many feel that both were decisions imposed on the patient community,
without first seeking their input and approval.

The recent recommendations made by this NIH/CDC CDE’s PEM working group, and the vociferous
reactions to it by the patient community, provided an opportunity to engage in community-based
participatory research, which equitably involves all partners in the research process [17]. Given the
importance of PEM, and the patient community’s resentment regarding once again not being active
participants in the development of this latest PEM recommendation, the current authors decided to try to
develop a comprehensive measure with active collaboration of the patient community. We hypothesized
that a valid PEM instrument could be created with the help of the patient community.

2. Materials and Methods

2.1. Methods and Participants

The study began with dialogue between Leonard Jason and a number of leading patient activists
who were unhappy with the NIH/CDC CDE’s PEM recommendations. A patient poll had indicated
that the patient community preferred the NIH/CDC general description of PEM rather than the 5 DSQ
items [15], but those general PEM descriptors had not been operationalized in any systematic way.
Jason and several patient activists reworked those descriptors into a usable questionnaire, and this was
posted on Facebook, Twitter, and LinkedIn social media pages and were widely shared with patient
groups internationally. Hundreds of emails were received during the next three months, and Jason and
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Holtzman posted nine revisions of the survey for patients to provide comments. The comments and
items received helped shape each new revision of the questionnaire. For example, when one participant
commented “I also experience different types of PEM. I have the immediate PEM, where I do too much
. . . But if I stop [exerting myself], these [PEM symptoms] go away fairly quickly . . . But if I am not able
to stop during this immediate PEM stage and have to push on while experiencing these symptoms, then
I get the “Post-PEM” usually two or more days later,” we used this input to introduce survey items that
asked about both the immediate and delayed onset of PEM and its relationship to potential triggers.

After several months, when we were receiving few additional patient comments regarding our
survey that we had been posting, we decided to collect data using this survey with the next phase
of this project. Institutional Review Board (IRB) approval was obtained for collecting data based on
the survey that had been developed using input from the patient community. Participants provided
informed consent. Participants were required to be over the age of 18 years old, able to read and write
in English, and have a current self-reported diagnosis of ME and/or CFS. Participants completed
the questionnaire online using Research Electronic Data Capture (REDCap), a secure online survey
tool [18]. Respondents were instructed to save their answers and return to complete the survey at a
later time if they were not able to finish the survey in one sitting due to their illness.

2.2. Materials

The first part of the survey assessed demographic characteristics, as well as information about
illness/diagnosis status (see Table 1). Following this background assessment, the respondents were
asked about the onset of their PEM symptoms (see Table 2), and then asked questions relating to factors
that trigger PEM (Table 3). This included examples of triggers beyond physical or cognitive exertion,
such as “basic activities of daily living”, “positional changes”, and “emotional events”. The survey
also asked specific questions about the relationship between triggers of PEM and other factors, such as
participants’ individual energy limits or the extent to which they may exert themselves.

Next, the participants were asked to evaluate a list of symptoms that are exacerbated following
physical and/or cognitive exertion (Table 4). The symptoms included items which have been assessed
through other operationalized measures (e.g., “physical fatigue”, “unrefreshing sleep”, and “flu-like
symptoms”), as well as items suggested by patients (e.g., “physical fatigue while mentally wired”,
“brain twangs” and “burning sensation all over your skin”). Each item was rated for frequency for the
past six months on a 5-point Likert scale: 0 = none of the time, 1 = a little of the time, 2 = about half
the time, 3 = most of the time, 4 = all of the time. Symptoms of 2 or higher were considered to be the
threshold for PEM, based on past studies [19]. For each symptom, frequency values were multiplied
by 25 to convert to 100-point scales, with higher values indicating more frequent symptoms.

Table 5 shows item responses of participant experiences of PEM by asking the question “If you go
beyond your energy limits by engaging in pre-illness tolerated exercise or activities of daily living, do
you experience any of the following?” Several common phrases used to describe PEM were then listed,
including “a severity and duration of symptoms that are out of proportion to the initial trigger” and
“global worsening of multi-systemic symptoms (an example of this might be aches all over your body
plus cognitive problems plus light and/or sound sensitivity)”.

Following the PEM symptom list, the survey included an assessment of duration of PEM and
length of recovery time, as well as information about illness course and functioning (Table 6). To better
understand the relationship between PEM and exertion, participants were asked if the severity and
duration of PEM was out-of-proportion to the type, intensity, frequency, and duration of exertion.
Participants were then asked whether they had ever experienced an “adrenaline surge” after going
beyond their energy limit, and how long the surge lasts before the onset of PEM. Next, patients were
assessed on their illness course and functional status by asking how long ago they began feeling sick
with ME or CFS, if the illness has been present for at least 50% of the time, and how they would
describe their illness and functioning. Participants were also asked if they are managing their PEM
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symptoms by pacing or “staying within their energy envelope,” one of the few patient recommended
treatments for ME and CFS [20].

The survey also requested information about past tests the participant may have completed, such
as a cardiopulmonary or tilt table test. Lastly, the survey assessed if the participants felt that this
patient-driven survey accurately depicts their PEM experience.

3. Results

The international online convenience sample included 1,534 adults identifying as having ME
and/or CFS who completed the questionnaire (347 additional respondents had incomplete surveys
and were not included in this analysis). Respondents were from over 35 countries. As indicated in
Table 1, 41.1% of participants reported currently living in the United States. The sample consisted of
mostly females (84.6%). The majority of participants were white/Caucasian (97.5%), and 2% identified
as being of Latino or Hispanic origin. Just over half of the participants were married or living with a
partner (56.6%), 39.3% had a standard college degree, and 45.7% were receiving disability payments.

Table 1 indicates that 50.7% of participants had a diagnosis of CFS, 22.0% had a diagnosis of ME,
and 27.2% had a diagnosis of both ME and CFS. For our entire sample, 94.4% reported being diagnosed
by a medical doctor.

Table 1. Demographic characteristics of patients with myalgic encephalomyelitis (ME) and chronic
fatigue syndrome (CFS) (N = 1534).

Age M (SD)

51.26 (13.08)

Gender % (n)

Female 84.6 (1,298)
Male 14.9 (229)

Race % (n)

White/Caucasian 97.5 (1,495)
Black/African American 0.3 (4)

American Indian or Alaska Native 0.7 (11)
Asian or Pacific Islander 1.1 (17)
Latino/Hispanic Origin 2.0 (30)

Prefer not to respond 1.4 (22)

Marital Status % (n)

Married or living with partner 56.6 (869)
Never married 23.3 (357)

Divorced 13.9 (213)
Separated 2.6 (40)
Widowed 2.0 (31)

Prefer not to answer 1.2 (19)

Education Level % (n)

Graduate/professional degree 29.1 (446)
Standard college/university degree 39.3 (603)

Partial college 22.1 (339)
High school or General Education Development (GED) 5.9 (91)

Some high school 2.5 (39)
Less than high school 0.8 (12)

Employment Status % (n)

On disability 45.7 (701)
Working full-time 6.8 (104)
Working part-time 13.2 (203)

Homemaker 7.3 (112)
Student 3.3 (50)
Retired 18.1 (278)
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Table 1. Cont.

Unemployed 16.0 (245)
Prior to leaving the workforce, did you cut back either in number of hours worked or in responsibilities 57.5 (880)

Diagnosis % (n)

CFS 50.7 (777)
ME 22.0 (338)

Both ME and CFS 27.2 (418)

Who diagnosed you? % (n)

Medical doctor 94.4 (1448)
Was the medical doctor an expert/knowledgeable of ME/CFS? 55.6 (853)

Alternative practitioner 5.5 (85)
Self-diagnosed 7.6 (117)

Current Annual Income (in US dollars) % (n)

Less than $24,999 52.2 (801)
$25,000 to $49,999 14.7 (225)
$50,000 to $99,999 8.3 (128)

$100,000 to $149,999 2.8 (43)
$150,000 to $199,999 0.9 (14)
$200,000 to $249,999 0.2 (3)

$250,000 or more 1.0 (16)
Prefer Not to Respond 18.1 (277)

Annual Income prior to becoming ill (in US dollars) % (n)

Less than $24,999 15.4 (237)
$25,000 to $49,999 25.0 (384)
$50,000 to $99,999 25.4 (390)

$100,000 to $149,999 6.7 (103)
$150,000 to $199,999 1.8 (27)
$200,000 to $249,999 1.2 (18)

$250,000 or more 1.7 (26)
Prefer Not to Respond 19.9 (305)

Note: Percentages may not add up to 100% due to missing data. For employment status, there were also several
open response questions asking about what conditions participants received disability for, and for current and past
job titles.

Descriptive statistics of PEM onset are reported in Table 2. Over half of participants had
experienced onset of symptom exacerbation immediately after exertion (72.3%), while 91.4% had
experienced delayed onset after exertion. To determine the length of the delay between exertion and
the onset of PEM, participants selected periods for when the onset of PEM might occur when onset is
delayed. A delay of between 1–2 days after exertion was experienced by 53.1% of the participants.

Table 2. Onset (N = 1534).

Items % (n)

Immediate onset of symptom exacerbation 72.3 (1109)

All the time 9.9 (152)
Most of the time 21.9 (336)

About half the time 24.1 (369)
A little of the time 15.6 (239)

Delayed onset of symptom exacerbation 91.4 (1402)

All the time 21.8 (335)
Most of the time 37.1 (569)

About half the time 23.4 (359)
A little of the time 8.1 (125)

How long after the exertion does your symptom exacerbation occur *

1 h or less 16.5 (253)
2–6 h 33.1 (508)
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Table 2. Cont.

Items % (n)

7–12 h 31.0 (476)
13–24 h 43.2 (662)

1–2 days 53.1 (815)
3–4 days 15.7 (241)
5–6 days 4.5 (69)

More than 1 week 4.2 (65)

Note: * For this item, participants could select more than one answer. There is also an option for participants to
describe what activities and which symptoms affect immediate and/or delayed onset.

Table 3 describes PEM triggers, with 78.2% endorsing “basic activities of daily living”, 64.5%
endorsing “positional changes”, and 93.2% endorsing “emotional stress (good or bad)”. Additionally,
84.9% said there were some instances in which the specific precipitants could not be identified.
The highest endorsed non-exertion triggers reported by participants were as follows: emotional events
(88.3%), noise (85.5%), and sensory overload (83.6%).

Table 3. Triggers (N = 1534).

Items % (n)

Basic activities of daily living trigger symptom exacerbation 78.2 (1199)

All of the time 20.8 (319)
Most of the time 24.1 (370)

About half the time 17.7 (272)
A little of the time 15.3 (234)

Positional changes lead to symptom exacerbation 64.5 (990)

All of the time 14.9 (229)
Most of the time 20.0 (307)

About half the time 15.5 (238)
A little of the time 13.9 (213)

Emotional stress (good or bad) lead to symptom exacerbation 93.2 (1429)

All of the time 34.0 (522)
Most of the time 29.2 (448)

About half the time 18.3 (280)
A little of the time 11.5 (177)

Instances in which the specific precipitants cannot be identified 84.9 (1302)
Able to exercise a little as long as you stay within certain limits without symptom exacerbation 37.0 (567)

Takes less exposure than usual to trigger PEM on days you are recovering from symptom exacerbation 94.3 (1447)
Sensitized to particular triggers so they cause an even more abnormal response over time 48.1 (738)
Severity of the PEM reaction proportionate to how far beyond your limits you have gone 80.9 (1241)

Mild overexertion over several days produces an abnormal physical or cognitive response 96.8 (1485)
Multiple occurrences of PEM that cause your overall health status to become worse over weeks/months 84.4 (1295)
Intolerance to stimulation causes worsening in symptoms, but is not prolonged if stimulus is removed 79.5 (1219)

Fighting off an infection (flu, cold, bladder infection) causes a worsening in all/most of your symptoms 82.3 (1262)
Length of time for recovery correlates with the severity of PEM 79.6 (1221)

Do you have other triggers such as

Emotional events (good or bad) 88.3 (1354)
Noise 85.3 (1308)

Sensory overload 83.6 (1282)
Visual overload 79.7 (1223)

Heat 74.4 (1141)
Light 68.8 (1055)
Cold 66.3 (1017)

Foods 61.0 (935)
Chemicals 58.0 (889)

Watching movement (such as watching a video) 52.5 (806)
Vibration 47.1 (722)

Drugs used for medication 47.4 (727)
Mold 39.4 (605)

Supplements 27.4 (420)
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Table 4 reports the proportion of participants who endorsed the worsening of symptoms due to
physical or cognitive exertion. The most commonly endorsed symptoms were as follows: reduced
stamina and/or functional capacity (99.4%), physical fatigue (98.9%), cognitive exhaustion (97.4%),
problems thinking (97.4%), unrefreshing sleep (95.0%), muscle pain (87.9%), insomnia (87.3%), muscle
weakness/instability (87.3%), temperature dysregulation (86.9%), and flu-like symptoms (86.6%).
The symptoms endorsed by less than half of the sample included the following: loss of appetite
(49.0%), migraines (46.2%), cardiac pain and/or arrhythmia (41.2%), brain twangs (29.9%), burning
sensation all over your skin (29.7%), paralysis/inability to move (29.4%), pre-menstrual symptoms
(21.1%), and decreased heart rate (15.1%).

Table 4. Symptoms made worse due to physical or cognitive exertion (N = 1534).

Items % (n) “Yes” % (n) at “2” Threshold Mean (SD)

1. Reduced stamina and/or functional capacity 99.4 (1525) 98.0 (1504) 90.60 (17.16)
2. Physical fatigue 98.9 (1517) 98.3 (1508) 87.53 (18.26)
3. Cognitive exhaustion 97.4 (1494) 92.0 (1412) 77.64 (24.87)
4. Problems thinking 97.4 (1494) 92.6 (1420) 78.47 (24.87)
5. Unrefreshing sleep 95.0 (1457) 91.1 (1398) 80.57 (27.65)
6. Muscle pain 87.9 (1349) 81.5 (1250) 69.41 (33.95)
7. Insomnia 87.3 (1339) 75.1 (1152) 62.40 (34.30)
8. Muscle weakness/instability 87.3 (1339) 77.2 (1185) 64.03 (33.86)
9. Temperature dysregulation 86.9 (1333) 75.2 (1153) 63.76 (34.75)
10. Flu-like symptoms 86.6 (1329) 74.4 (1142) 59.52 (33.43)
11. Aches all over your body 85.6 (1313) 79.5 (1219) 68.68 (35.58)
12. Physically fatigued while mentally wired 82.1 (1259) 72.8 (1116) 59.00 (35.65)
13. Dizziness 80.7 (1238) 56.0 (859) 46.28 (33.19)
14. Gastro-intestinal problems 78.6 (1206) 59.3 (910) 49.90 (36.02)
15. Headaches 78.0 (1197) 56.5 (866) 46.48 (34.52)
16. Ataxia 77.6 (1191) 57.8 (886) 47.62 (35.18)
17. Increased heart rate/heart palpitations 77.4 (118) 64.9 (996) 52.28 (36.51)
18. Weak or stiff neck 74.6 (1144) 61.0 (936) 51.35 (38.20)
19. Joint pain 73.0 (1120) 59.5 (912) 49.17 (37.86)
20. Problems with speech 72.4 (1110) 50.0 (767) 40.22 (33.14)
21. Sore throats 70.9 (1087) 47.2 (724) 38.92 (33.55)
22. Muscle twitching 68.1 (1045) 40.9 (627) 35.12 (32.38)
23. Night sweats and chills 67.7 (1038) 46.9 (720) 38.48 (34.69)
24. Sore eyes 67.0 (1028) 49.0 (752) 39.91 (35.70)
25. Nerve pain 63.3 (971) 48.8 (748) 40.65 (38.16)
26. Sore lymph nodes 62.9 (965) 44.0 (675) 36.36 (35.28)
27. Nausea 62.2 (954) 38.1 (584) 31.89 (32.13)
28. Tinnitus 60.3 (925) 39.8 (611) 37.42 (38.96)
29. Trouble breathing 57.8 (887) 40.9 (628) 33.97 (35.67)
30. Neurological symptoms 57.0 (875) 42.8 (656) 34.60 (36.14)
31. Excessive sleep 54.4 (835) 44.5 (682) 36.23 (38.58)
32. Loss of appetite 49.0 (752) 30.9 (474) 25.41 (31.62)
33. Migraines 46.2 (708) 24.6 (378) 21.92 (29.27)
34. Cardiac pain and/or arrhythmia 41.2 (632) 24.8 (381) 21.12 (30.30)
35. Brain twangs 29.9 (459) 17.7 (272) 15.00 (26.82)
36. Severe burning sensation all over skin 29.7 (456) 18.3 (280) 15.96 (28.87)
37. Paralysis/inability to move 29.4 (451) 9.4 (144) 11.49 (21.91)
38. Premenstrual symptoms 21.1 (323) 16.4 (251) 13.56 (29.25)
39. Decreased heart rate 15.1 (231) 7.4 (114) 6.88 (19.09)

Note: % endorsed “yes” means they responded yes to experiencing symptom at any level. % endorsed at “2”
threshold means that they experience the symptom at least half the time. Means reflect frequency only (0–100 scale).

In order to gauge participant’s general experiences of PEM, participants were asked if they
experienced any of the common phrases used to describe PEM (listed in Table 5) after exertion. All of
the phrases were endorsed by over 90% of the sample.
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Table 5. If you go beyond your energy limits by engaging in pre-illness tolerated exercise or activities
of daily living, do you experience any of the following? (N = 1534).

Items % (n)

An onset that is immediate or delayed by hours or days 98.5 (1511)
Post-exertional exhaustion 98.3 (1508)

A loss of functional capacity and/or stamina 98.2 (1506)
Symptom exacerbation 98.1 (1505)

A severity and duration of symptoms that are out of proportion to the initial trigger 97.4 (1494)
An abnormal response to minimal amounts of physical and/or cognitive exertion 97.3 (1492)

Substantial reduction in pre-illness activity level 96.9 (1486)
A prolonged recovery that can last days, weeks, or months 96.2 (1475)

Global worsening of multi-systemic symptoms 94.0 (1442)
Prolonged worsening of symptoms 92.9 (1425)

The findings reported in Table 6 indicate that over half the participants (58.0%) said PEM lasts
on average 3–6 days, with 1–2 days (38.9%), 1 week–1 month (46.7%), and 1–6 months (30.3%) also
being frequently reported. Additionally, 67.1% of the sample had experienced a “crash” that never
resolved. Over half of the sample (57.2%) said they had experienced an adrenaline surge during or
after going beyond their energy limits, and the most commonly reported length of time was “a few
hours” (35.8%). Further information about the natural history of participants’ ME/CFS illness are also
provided in Table 6. The majority of subjects have been sick for over 10 years, with 97.1% reporting
their illness being present for more than 50% of the time. Additionally, nearly half of participants
described the course of their illness as fluctuating, experiencing good periods and bad periods. Lastly,
nearly half of participants classified their status as being able to do light house work, but not being
able to work part-time.

Table 6 also contains information on how participants were currently managing their PEM
symptoms. Only 6% of patients with ME or CFS felt that pacing completely allowed them to avoid PEM,
while the majority reported pacing only being effective some of the time and only at a moderate/mild
level. Participants also identified the pacing method they used (e.g., 87.1% indicated it was based on
their bodies’ reactions whereas 10.7% indicated it was with a heart rate monitor, and 17.3% indicated
both).

Patients were also asked about tests to assess their cardiovascular health difficulties and orthostatic
intolerance, which are common symptoms of ME and CFS and are often made worse after exertion.
Almost a quarter (24.5%) indicated they had undergone a cardiopulmonary test and 29.7% indicated
they had taken part in a stand lean/tilt table test. Of those patients, 9.3% had normal cardiopulmonary
results, whereas 14.9% had abnormal results. Only 4.8% of the sample had completed an exercise test
on back-to-back days.

At the end of the questionnaire, participants were asked if they felt this survey accurately captured
their experiences of PEM, and 29.8% felt the survey was very accurate, 57.7% reported it was accurate,
10.7% were neutral, 1.2% thought it was not accurate, and 0.1% said it was not at all accurate.

Table 6. Duration of PEM, illness course, and functioning (N = 1534).

Items % (n)

Length of prolonged, unpredictable recovery period 95.2 (1460)

Within 24 h 14.1 (216)
Between 1 and 2 days 38.9 (596)
Between 3 and 6 days 58.0 (890)

Between 1 week and 1 month 46.7 (717)
Between 1 and 6 months 30.3 (465)

Between 6 months and 1 year 13.6 (209)
Between 1 and 2 years 9.8 (151)

Over 2 years 12.3 (189)
Crash that has never resolved 67.1 (1029)
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Table 6. Cont.

Items % (n)

Severity and duration out-of-proportion to the TYPE of exertion 96.0 (1473)

All of the time 59.0 (905)
Most of the time 26.1 (401)

About half the time 8.7 (133)
A little of the time 2.0 (31)

Severity and duration out-of-proportion to the INTENSITY of exertion 94.8 (1454)

All of the time 59.5 (913)
Most of the time 26.5 (406)

About half the time 6.6 (102)
A little of the time 1.9 (29)

Severity and duration out-of-proportion to the DURATION of exertion 90.4 (1386)

All of the time 56.9 (873)
Most of the time 25.6 (393)

About half the time 5.1 (78)
A little of the time 1.8 (28)

Severity and duration out-of-proportion to the FREQUENCY of exertion 84.9 (1302)

All of the time 51.5 (790)
Most of the time 24.8 (380)

About half the time 5.5 (85)
A little of the time 2.6 (40)

Adrenaline surges during or after going beyond energy limit 57.2 (878)

Length of adrenaline surge before crashing *

A few minutes 13.0 (200)
A few hours 35.8 (549)
About 24 h 16.5 (253)

Less than a week 6.1 (94)
About 1 week 1.3 (20)
Over 1 week 1.3 (20)

How long ago did your problem with ME/CFS begin?

6–11 months ago 0.6 (9)
1–2 years ago 2.9 (45)
3–5 years ago 12.1 (186)
6–10 years ago 15.9 (244)

Over 10 years ago 53.7 (823)
Since childhood/adolescence 14.8 (227)

Has your illness been present for more than 50% of the time since you became ill? 97.1 (1489)

How would you describe the course of your illness?

Constantly getting worse 29.3 (450)
Constantly improving 1.4 (22)
Persisting (no change) 15.4 (237)

Relapsing and remitting 7.4 (113)
Fluctuating 46.2 (708)

Which statement best describes your illness over the last 6 months?

I can do all work or family responsibilities without any problems with my energy 0.1 (2)
I can work full-time/finish some family responsibilities, but I have no energy left 2.6 (40)

I can work full-time, but I have no energy left for anything else 4.6 (71)
I can only work part-time at work or on some family responsibilities 14.9 (228)

I can do light housework, but I cannot work part-time 43.0 (659)
I can walk around the house, but I cannot do light housework 29.9 (459)
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Table 6. Cont.

Items % (n)

I am not able to work or do anything, I am bedridden/completely incapacitated 4.8 (73)
Pacing allows me to completely avoid symptom exacerbation 6.0 (92)

Pacing allows me to avoid symptom exacerbation only to a certain degree 87.7 (1345)

How frequently is pacing effective?

All the time 2.3 (35)
Most of the time 22.8 (350)

About half the time 34.1 (523)
A little of the time 27.8 (427)

How effective is pacing in reducing the level of severity of symptoms?

Very effective 7.6 (117)
Moderately effective 37.2 (570)

Mildly effective 34.2 (525)
Barely effective 8.2 (126)

If you are pacing, is it:

Based on body symptoms and reactions to triggers 87.1 (1336)
With a heart rate monitor 10.7 (164)

Both of the above 17.3 (265)

Note: * For these items, participants could select more than one answer. There is also an option for participants to
describe pacing techniques not listed.

4. Discussion

The objective of this study was to use community-based participatory research in an effort to
develop a comprehensive way to assess PEM. Based on the comments and items suggested from
patients, the following specific aspects of PEM were found to be the most critical domains: the timing
of PEM onset, triggers of PEM, symptoms that are exacerbated following exertion or exposure to
triggers, phrases used to describe consequences of PEM, duration of PEM, relationship between
exertion and length of recovery, and the importance of considering personal characteristics (e.g., how
long the patient has had ME/CFS, the course of their illness, their level of functioning, and coping
methods used). The patient perspective provided the authors with the critical information to develop
this survey of PEM. Of the patients who took part, 87.5% felt that the resulting survey was either very
accurate or accurate.

Onset of symptom exacerbation after exertion was found to vary between patients. As shown
in Table 2, the majority of patients experienced both immediate and delayed onset of PEM, and the
extent of the delay of symptoms varied considerably. In addition to the unpredictability of PEM onset,
several factors affect the duration of PEM before recovery, including the type, intensity, frequency,
and duration of the exertion (see Table 6). These findings are consistent with patients’ reporting
of prolonged recovery from PEM symptoms. In one study in which patients and healthy controls
participated in a fatiguing exercise test, the patient group’s recovery was prolonged [21]. In addition,
VanNess et al. [13] found patients with CFS, in comparison to healthy controls, take considerably longer
to recover after completing a maximal cardiopulmonary exercise test the next day and a week later.
Our findings are also consistent with a study by Chu et al. [11] who found that when comparing PEM
symptom onset between those with ME or CFS to healthy controls, 87-95% of controls had recovered
within 24 h after completing an exercise test. Among those with ME and CFS, PEM symptoms peaked
at 24 to 48 h later, and 45-60% still experienced symptoms up to 5 days later.

Our survey also assessed specific triggers that bring on symptom exacerbation. The effects of
physical and cognitive exertion on PEM have been well-established [13,21–23] and these findings are
consistent with the current study. For example, only 37% of subjects reported being able to exercise
“a little” without PEM-related symptoms, as long as they stay within “certain limits” (see Table 3).
Furthermore, basic activities of daily living (e.g., getting dressed, cooking a meal, bathing), positional
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changes (e.g., going from lying down to standing up), and emotional stress lead to exacerbation in
78.2%, 64.5%, and 93.2% of patients, respectively.

Another issue explored involved whether there are precipitants of PEM beyond physical or
cognitive exertion. The highest reported triggers in addition to physical/cognitive exertion were
emotional events (88.3%), noise (85.3%), and sensory (83.6%) and visual overload (79.7%). This is
consistent with past literature reporting these types of stimuli as exacerbating symptoms [24]. It has
also been hypothesized that exposure to mold could trigger illness onset and PEM symptomology [25].
In our sample, 39.4% reported mold triggering their PEM. This is consistent with findings by Brewer,
Thrasher, Straus, Madison, and Hooper [26], where 30% of patients with ME and CFS were reported to
have multiple mycotoxins present in their bodies.

Partly as a function of this survey and the interactions with the patient community, there have
been several additional developments in the assessment of PEM. First, Cotler et al. [27] found that use
of the 5 recommended PEM DSQ items was an excellent screen in identifying PEM in patients with
ME and CFS. In addition, as a second step in the process of assessing PEM, 5 additional DSQ items
(including the assessment of duration of symptoms) were successfully used to differentiate PEM from
other chronic illnesses. In addition, the findings from the patient survey reported on in this article
were revised in order to construct a briefer, more concise measure of PEM, which was significantly
related to physical functioning [28].

There are several limitations to this study. First, we did not obtain confirmation of ME or CFS
diagnoses by independent medical personnel. In addition, we do not know what case definitions,
if any, were used in their diagnoses. In addition, consistent with other ME and CFS studies, the
sample was not demographically diverse. However, having a sample from several geographic regions
did increase the generalizability of findings. Another limitation of the study was the length of the
questionnaire. Though participants were presented with the option of pausing, it is reasonable that
some may have still found it difficult to complete.

The open, participatory nature of this study provided a unique way of both designing the survey
and gathering comprehensive information from the ME and CFS community regarding PEM. There are
unique benefits that can accrue to the research and patient community by actively collaborating on
instrument development as well as other policy issues, such as the selection of a name for the illness as
well as the case definition [29]. By collaborating with the ME and CFS community, we have provided a
model of community-based participatory research, which has multiple advantages to both the patient
and research communities [30]. We close with this quote regarding what needs to occur to further this
type of collaborative research in the ME and CFS areas:

“An alternative vision is still possible if those in power are willing to bring all interested parties
to the table, including international representatives, historians on the science of illness criteria, and
social scientists adept at developing consensus. In a collaborative, open, interactive, and inclusive
process, issues may be explored, committees may be charged with making recommendations, and key
gatekeepers may work collaboratively and transparently to build a consensus for change. Involve all
parties—patients, scientists, clinicians, and government officials—in the decision-making process [31].”
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating disease
presenting with extreme fatigue, post-exertional malaise, and other symptoms. In the absence of a
diagnostic biomarker, ME/CFS is diagnosed clinically, although laboratory tests are routinely used to
exclude alternative diagnoses. In this analytical cross-sectional study, we aimed to explore potential
haematological and biochemical markers for ME/CFS, and disease severity. We reviewed laboratory
test results from 272 people with ME/CFS and 136 healthy controls participating in the UK ME/CFS
Biobank (UKMEB). After corrections for multiple comparisons, most results were within the normal
range, but people with severe ME/CFS presented with lower median values (p < 0.001) of serum
creatine kinase (CK; median = 54 U/L), compared to healthy controls (HCs; median = 101.5 U/L)
and non-severe ME/CFS (median = 84 U/L). The differences in CK concentrations persisted after
adjusting for sex, age, body mass index, muscle mass, disease duration, and activity levels (odds ratio
(OR) for being a severe case = 0.05 (95% confidence interval (CI) = 0.02–0.15) compared to controls,
and OR = 0.16 (95% CI = 0.07–0.40), compared to mild cases). This is the first report that serum CK
concentrations are markedly reduced in severe ME/CFS, and these results suggest that serum CK
merits further investigation as a biomarker for severe ME/CFS.

Keywords: myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS); energy metabolism;
potential biomarkers

1. Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is classified as a neurological
disease [1], presenting with long-term fatigue resulting in substantial reductions in occupational,
personal, social, and educational activities. Commonly-associated symptoms include impaired memory
or concentration, muscle and multi-joint pain, new headaches, unrefreshing sleep, and post-exertional
malaise [2,3]. Many patients experience orthostatic intolerance and may complain of dizziness,
spatial disorientation, sweating, palpitations, or fainting and generalised weakness [2–4]. Although
dysregulation of the nervous, immune and endocrine systems, with impaired cellular energy metabolism
and ion transport, has been suggested [2], the pathophysiology of ME/CFS is still not fully understood,
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and there are no biological markers that are widely used for diagnosis, disease sub-grouping,
or prognosis.

ME/CFS is diagnosed using clinical criteria based on detailed clinical history and physical
examination; laboratory tests are used to exclude other conditions that can present with fatigue and
general ill health [2–5]. A major goal of clinical research in ME/CFS is to improve diagnosis and find
clinical and laboratory-based tests that may be used as disease markers. In 2011 we launched the UK
ME/CFS Biobank (UKMEB) as a resource to accelerate ME/CFS research [6]. A rigorous assessment,
alongside comprehensive clinical phenotyping of UKMEB participants, is essential to ensure that
ME/CFS diagnosis is accurate according to recognised clinical criteria. The analysis of these clinical data
in relation to molecular markers further supports the better understanding of disease aetiology and
pathophysiology. In this study we compared baseline laboratory tests results from UKMEB participants
with ME/CFS, including mildly/moderately and severely affected (i.e., house-bound or bed-bound)
individuals, and healthy controls, which were collected as part of the routine workup of participants.

2. Materials and Methods

This analytical cross-sectional study was carried out with a sub-cohort of the UKMEB consenting
participants. Recruitment—including eligibility criteria, data and sample collection, and handling of
biosamples for the UKMEB—are described in detail elsewhere [6]. Adult participants with ME/CFS
previously diagnosed by general practitioners and/or ME/CFS specialists and healthy controls were
recruited through the UK National Health Service (NHS). Inclusion criteria for participants with
ME/CFS included compliance with the Centers for Disease Control and Prevention criteria (CDC,
1994) or Canadian Consensus Criteria [2,3], which was ascertained by the clinical research team.
Experienced research nurses assessed all participants, and blood was collected for immediate baseline
clinical laboratory tests, as well as for research purposes and long-term storage. Blood collections took
place at participating clinics or at the participants’ homes (for severely affected cases), and samples
were transferred within 6 hours for processing and storage [7]. Data entry, sample transportation,
preparation, processing, and storage of the samples followed standard operating procedures (SOPs) [6].

Baseline laboratory tests were used primarily to exclude participants with ME/CFS whose
symptoms of chronic fatigue could be explained by other conditions. These tests comprised: full blood
count, erythrocyte sedimentation rate (ESR), serum vitamin B12 and folate; biochemical tests including
electrolytes, creatinine, urea, serum creatine kinase (CK), liver function tests, C-reactive protein,
rheumatoid factor, thyroid function tests; tissue transglutaminase antibodies; and urine analysis for
protein, glucose, and blood. CK isoenzymes, mainly produced in skeletal muscle (CK-MM) and heart
muscle (CK-MB), and aldolase were analysed in a sub-sample of 50 cases (25 severe and 25 non-severe
cases) and 25 controls. According to the proximity of the collection site, blood samples were analysed
by the haematology, clinical pathology, and immunology laboratories at the Norfolk and Norwich
University Hospital or the Royal Free Hospital in London; standard NHS laboratory protocols were
used for all tests [8]. The NHS laboratory staff was blinded to the status of study participants, i.e.,
if they were cases or controls.

This study included a sample of 272 confirmed ME/CFS cases and 136 healthy controls. ME/CFS
cases were further classified as mild/moderate (n = 216) or severe (n = 56). The definition of severity
was made at recruitment based on whether the patient was mainly house-bound or bed-bound (severe)
or was ambulatory (mild/moderate cases). We visually inspected the shape of the continuous variables’
distributions and, when departure from normality was observed, we used natural log transformation
(CK, C-reactive protein (CRP), bilirubin, folate, vitamin B12) or square root transformation (ESR) to
produce data that approximated a normal distribution for regression analysis. Figure A1 (Appendix A)
shows the CK distribution before and after log transformation, by study group. We used log transformed
results to carry out a power calculation of serum CK to detect mean differences of 0.34 (based on
a standard deviation (SD) of 0.58 and means of 4.39 and 4.73 for cases and controls, respectively).
We established that a sample size of at least 146 cases and 78 controls would be adequate to detect mean
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differences with a power or 95% and a type I error of 1%. The number of missing values was lower than
5% across all the variables, apart from one blood test (erythrocyte sedimentation rate) whose proportion
of missing results was similar among the groups (16.5% to 17.6%); thus, we opted to maintain the
variable in the analyses. Univariate analyses were performed using chi-squared tests for comparison
of proportions and analysis of variance (ANOVA) for comparison of means of normally distributed
continuous variables. For significant departures from normality, Wilcoxon rank sum or Kruskal–Wallis
tests [9] were used to compare medians between two or more unmatched study groups respectively.

For putatively interesting results from the univariate analyses (Wilcoxon rank-sum test p < 0.01),
logistic regression analyses [9] were used, and included the covariates: age-group at the time of
recruitment, sex, body mass index (as ascertained during physical examination, in kg/m2), disease
duration (in months, for comparisons between cases only), muscle mass index percentage of total body
weight (using a Tanita BC-418 MA body composition analyser), and recent activity levels. Activity
levels were estimated from answers to specific questions on the bespoke participant questionnaire:
participants were asked to put their perceived activity levels over the 7 days preceding the blood draw
into one of five categories, ranging from “not active at all” to “very active”. For some analyses, the
two categories of activity at the extremes were merged, and the variable used had three resulting
categories. The linearity assumption of covariates within the logistic regression models was assessed
using generalised additive models (the “mgcv” package in R) [10]. The linearity assumption was
satisfied in all models and so activity level was treated as an ordinal categorical variable when adjusting
in multivariate analyses. To minimise potential type I errors, due to multiple testing, a Bonferroni-based
threshold of p <0.001 was conservatively established (i.e., we divided the statistically significant level
of 0.05 by the 29 number of individual laboratory tests that were compared, totalling 0.0017). We also
used receiver operating characteristic (ROC) curves to assess whether the laboratory test results were
able to discriminate people with ME/CFS (PWME) from healthy controls, or people with mild/moderate
ME/CFS from those with severe symptoms. This type of analysis produces a curve chart that shows
sensitivity vs. specificity, and the resulting area under the curve (AUC) represents how well a laboratory
test can distinguish between two groups: diseased versus non-diseased, or having mild/moderate
ME/CFS versus severe symptoms [9]. The ROC curves were calculated using the “pROC” package in
R. All analyses were performed using Stata® version 15.1 or the R-statistical platform [10].

Ethics approval and consent to participate: Ethical approval was granted by the LSHTM
Ethics Committee 16 January 2012 (Ref.6123) and the National Research Ethics Service (NRES)
London—Bloomsbury Research Ethics Committee 22 December 2011 (REC ref.11/10/1760, IRAS ID:
77765). All biobank participants provided written consent for questionnaire, clinical measurement, and
laboratory test data, and samples to be made available for ethically-approved research, after receiving
an extensive information sheet and consent form, which includes an option to withdraw from the
study at any time.

Availability of data and material: The datasets used and/or analysed during the current study are
available upon request, from the UK ME/CFS Biobank UKMEB Steering Committee, who considers
requests from data and/or biosamples, as per UKMEB protocols (https://cureme.lshtm.ac.uk/researchers/
protocols-application-documents/).

3. Results

Table 1 shows the distribution of baseline variables by study group. The proportion of women
was higher among cases, who were on average less active and had lower body muscle mass. Mild
cases had the highest body mass index (BMI) compared to severe cases (lowest) and healthy controls
(Table 1).
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Table 1. Baseline characteristics of study participants.

Characteristic
Healthy
Controls

(n = 136) n (%)

Mild/Moderate
ME/CFS Cases
(n = 216) n (%)

Severe ME/CFS
Cases (n = 56) n

(%)

P-Value
(hc/mm/sa)

P-Value
(hc/me)

Female 84 (61.8) 166 (76.9) 43 (76.8) 0.006 a 0.001 a

Male 52 (38.2) 50 (23.1) 13 (23.2)

Age (years) 0.900 a 0.900 a

18–29 23 (16.9) 34 (15.7) 10 (17.8)
30–39 34 (25) 48 (22.3) 13 (23.2)
40–49 35 (25.7) 64 (29.6) 12 (21.5)
50–60 44 (32.4) 70 (32.4) 21 (37.5)

Level of activity *
Very active 33 (25.2) 1 (0.6) 2(3.5) <0.0001 a <0.0001 a

Rather active 59 (45) 25 (12.3) 3 (5.3)
Neither active nor

inactive 22 (16.8) 49 (24.1) 3 (5.3)

Rather inactive 16 (12.3) 91 (44.8) 15 (26.8)
Not at all active 1 (0.7) 37 (18.2) 33 (59.1)

Body mass index
(mean) * 25.96 27.17 23.73 0.002 b 0.360 b

Body muscle (%) * 49.5 46.3 45.7 0.003 b 0.001 b

a χ2test; b ANOVA; p-values compare healthy controls with mild–moderate cases and with severe cases (penultimate
column), and with all myalgic encephalomyelitis (ME) or chronic fatigue syndrome (CFS) cases (last column). * The
number of participants with missing data on level of activity was 18 (5 healthy controls, 13 mild/moderate ME/CFS
cases); 4 severely-affected ME/CFS cases were missing body mass index (BMI) data; and 5 severely-affected ME/CFS
cases were missing data on body muscle. ME/CFS =Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; hc =
healthy controls, mm: ME/CFS mild/moderately affected; sa =ME/CFS severely affected; me =ME/CFS cases.

Nineteen biochemical and 10 haematological tests were performed across the participants (Tables 2
and 3). As expected, there were correlations between many of the test results (Spearman’s Correlation:
median 0.09; range 0.00–0.94), including between: (i) creatinine and urea, and of both with CK (range:
0.35–0.40); (ii) CK and aspartate aminotransferase (AST) (0.40); (iii) albumin and free T4, total protein
and globulin (0.35–0.62); (iv) C-Reactive Protein (CRP) and Erythrocyte Sedimentation Rate (ESR)
(0.47); (v) monocytes with white blood cells, lymphocytes and neutrophils (0.42–0.91) (Supplementary
Figures S1 and S2). In Appendix B (Table A1) we present the reference ranges for the laboratory tests,
analysed in this paper. The distributions of the analytes were compared between cases and controls
(Table 2), and between severe and non-severe ME/CFS cases (Table 3). ESR, platelets, and CRP were
raised in PWME, while CK and urea were reduced (Table 2; Wilcoxon rank sum p < 0.01). Compared
with mild cases, those with severe disease had raised albumin, free T4 and serum folate, and lower CK,
CRP, potassium, creatinine, and bilirubin (Table 3; Wilcoxon rank sum p < 0.01).

The reduced CK values were mainly due to low values of CK-MM isoenzyme, for which the
mean was 44 U/L (interquartile range (IQR) = 24–86) in severe cases, compared to 73 (IQR = 37–94)
in the mild/moderately affected and 90 (IQR = 41–238) in healthy controls (p = 0.03). CK-MB and
aldolase values were also lowest in severely affected cases (Kruskal–Wallis p-values of 0.27 and 0.09,
respectively). The ratio of CK-MB/CK-total was highest in the severe 0.26 (IQR = 0.18–0.39), compared
to 0.20 (IQR = 0.10–0.32) in non-severe cases and 0.14 (IQR = 0.09–0.25) in healthy controls (p = 0.03),
confirming the main contribution of reduced CK-MM values to the low concentration of total CK in
cases, and particularly the severely affected (see also Tables 2 and 3). Total CK correlated very strongly
with CK-MM (r = 0.99) in all study groups, but weaker correlations were found between total (CK)
and CK-MB (from r = 0.22 in the severely affected, r = 0.32 in milder cases, and r = 0.63 in controls).
This further demonstrates CK-MM as the main driver of reduced total CK concentrations in ME/CFS.
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Table 2. Comparison of baseline laboratory haematological and biochemical test results from ME/CFS
cases and healthy controls.

Assay
All Cases (n = 272)

Median
IQR

Healthy Controls
(n = 136) Median

IQR Wilcoxon p a

WBC (109/L) 6.1 (5.2,7.3) 5.9 (5.1,6.8) 0.268
Platelets (109/L) 262 (226,310) 247 (206,282) <0.001

Haemoglobin
(g/L) 137 (129,148) 139 (130,149) 0.433

Haematocrit 0.412 (0.391,0.438) 0.418 (0.395,0.446) 0.165
Neutrophils

(109/L) 3.47 (2.72,4.28) 3.28 (2.56,4.31) 0.374

Lymphocytes
(109/L) 1.88 (1.61,2.30) 1.815 (1.525,2.140) 0.146

Monocytes
(109/L) 0.43 (0.34,0.55) 0.43 (0.35,0.55) 0.869

Eosinophils
(109/L) 0.135 (0.80,0.24) 0.14 (0.09,0.22) 0.701

Basophils (109/L) 0.03 (0.02,0.05) 0.03 (0.02,0.04) 0.923
ESR (mm/h) 7 (4,12) 5 (2,8) <0.001

Sodium (mmol/L) 140 (139,142) 140 (139,142) 0.336
Potassium
(mmol/L) 4.2 (4.0,4.4) 4.2 (4.0,4.4) 0.680

Urea (mmol/L) 4.3 (3.5,5.1) 4.8 (3.9,5.7) <0.001

Creatinine
(umol/L) 74 (67,85) 77 (66,88) 0.539

Adj. calcium
(mmol/L) 2.36 (2.31,2.42) 2.37 (2.32,2.41) 0.900

Inorg. phosphate
(mmol/L) 1.03 (0.90,1.16) 1.05 (0.93,1.14) 0.452

Total bilirubin
(umol/L) 9 (7,11) 9 (7,13) 0.087

Albumin (g/L) 44 (41,47) 44 (41,47) 0.531
Globulins (g/L) 31 (29,32) 30 (28,32) 0.363

ALP (U/L) 67 (56,80) 63.5 (52,75) 0.055
AST (U/L) 20 (16,23) 20 (18,24) 0.247

Total protein(g/L) 73 (70,76) 72 (68,75) 0.023
CK (U/L) 80 (56,107) 101.5 (76,152) <0.001

CK-MM (U/L) * 55 (28,100) 90.0 (41,238) 0.030
CK-MB (U/L) * 17 (14,22) 17 (14-23) 0.780

Aldolase * 3.8 (2.8,4.6) 4.0 (2.8,4.6) 0.620
CRP (mg/L) 2 (1,4) 1 (1,3) 0.007

Free T3 (pmol/L) 4.5 (4.1,4.9) 4.6 (4.2,5.1) 0.238
Free T4 (pmol/L) 14 (13,16) 14 (3,16) 0.242

TSH (mU/L) 1.6 (1.2,2.3) 1.62 (1.15,2.40) 0.637
Serum vitamin

B12 (pg/mL) 388 (310,539) 379 (309,462) 0.164

Serum folate
(ng/m) 8.6 (5.6,12.6) 9.0 (6.6,12.2) 0.313

a Wilcoxon rank sum test; * For CK isoenzymes CK-MM and CK-MB and aldolase, n = 50 cases and 25 controls.
WBC = white blood cells; ESR = erythrocyte sedimentation rate; Adj. calcium = adjusted calcium; Inorg. phosphate
= inorganic phosphate; ALP = alkaline phosphatase; AST = aspartate aminotransferase; CK = creatine kinase;
CK-MM = CK produced in skeletal muscle; CK-MB = CK produced in heart muscle; CRP = C-reactive protein; TSH
= thyroid stimulating hormone; IQR = interquartile range. In bold are variables (p < 0.001) carried forward for
regression analysis.
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Table 3. Comparison of baseline laboratory haematological and biochemical test results from severe
and mild/moderate ME/CFS cases.

Assay
Severe Cases

(n = 56) Median
IQR

Mild Cases
(n = 216) Median

IQR Wilcoxon p a

WBC (109/L) 5.85 (5.05,7.54) 6.11 (5.2,7.1) 0.744
Platelets (109/L) 254.5 (221,305) 266 (229,310) 0.585
Haemoglobin

(g/L) 134 (126,144) 137.5 (130,149) 0.038

Haematocrit 0.405 (0.388,0.428) 0.413 (0.391,0.440) 0.156
Neutrophils

(109/L) 3.44 (2.89,4.20) 3.485 (2.68,4.32) 0.856

Lymphocytes
(109/L) 1.785 (1.59,2.05) 1.915 (1.62,2.32) 0.061

Monocytes
(109/L) 0.46 (0.36,0.59) 0.425 (0.34,0.54) 0.078

Eosinophils
(109/L) 0.165 (0.075,0.265) 0.13 (0.08,0.23) 0.366

Basophils (109/L) 0.03 (0.02,0.05) 0.03 (0.02,0.04) 0.697
ESR (mm/h) 5 (2,10) 7 (5,12) 0.057

Sodium (mmol/L) 141 (140,142) 140 (139,141) 0.015
Potassium
(mmol/L)

4 (3.8,4.3) 4.2 (4.0,4.4) 0.003

Urea (mmol/L) 4.15 (3.4,5.1) 4.3 (3.5,5.2) 0.317
Creatinine
(μmol/L)

65 (59,74) 78 (68,86) <0.001

Adj. calcium
(mmol/L) 2.35 (2.29,2.41) 2.37 (2.31,2.42) 0.048

Inorg, phosphate
(mmol/L) 1.03 (0.93,1.16) 1.03 (0.89,1.16) 0.439

Total bilirubin
(μmol/L)

7 (5,9) 9 (7,12) <0.001

Albumin (g/L) 46 (44,49) 43 (40,46) <0.001

Globulins (g/L) 29 (29,29) 31 (29,33) 0.542
ALP (U/L) 64 (54,80) 67 (56,81) 0.388
AST (U/L) 19 (16,22) 20.5 (16.5,24.0) 0.438

Total protein(g/L) 68 (68,68) 73 (70,76) 0.148
CK (U/L) 54 (45,78) 84 (63,113) <0.001

CK-MM (U/L) * 44 (24,86) 73 (37,194 0.030
CK-MB (U/L) * 16 (13,20) 19 (17,22) 0.080

Aldolase * 3.6 (2.5,4.0) 4.0 (2.8,4.6) 0.040
CRP (mg/L) 1 (1,5) 2 (2,6) <0.001

Free T3 (pmol/L) 4.4 (4.1,4.7) 4.6 (4.2,4.9) 0.073
Free T4 (pmol/L) 16.1 (14.2,18.0) 14.0 (13.0,15.3) <0.001

TSH (mU/L) 1.59 (1.14,2.28) 1.61 (1.16,2.40) 0.795
Serum vitamin

B12 (pg/mL) 449 (333,659) 382 (305,532) 0.038

Serum folate
(ng/m)

9.8 (8.0,14.7) 7.6 (5.0,12.6) 0.002

a Wilcoxon rank sum test; * For CK isoenzymes CK-MM and CK-MB and aldolase, 25 cases in each group. WBC
= white blood cells; ESR = erythrocyte sedimentation rate; Adj. calcium = adjusted calcium; Inorg, phosphate
= inorganic phosphate; ALP = alkaline phosphatase; AST = aspartate aminotransferase; CK = creatine kinase;
CK-MM = CK produced in skeletal muscle; CK-MB = CK produced in heart muscle; CRP = C-reactive protein,
TSH = thyroid stimulating hormone, IQR = interquartile range. In bold are variables (p < 0.01) carried forward for
regression analysis.

Table 4 shows results of the multivariate logistic regression, from which (ln) CK levels were shown
to be inversely associated with the risk of being a ME/CFS case compared with being a healthy control
(odds ratio (OR) 0.36; p < 0.001). The same analysis focusing on severe cases (vs. controls) revealed
elevated risks associated with lower (ln) bilirubin (OR 0.23; p < 0.001) and lower (ln) CK (OR 0.05;
p < 0.001), as well as with higher albumin (OR 1.20; p < 0.001) and T4 (OR 1.42; p < 0.001). Similarly,
lower levels of creatinine (OR 0.91; p < 0.001), (ln) bilirubin (OR 0.15; p < 0.001) and (ln) CK (OR 0.16;
p < 0.001) were associated with increased risk of severe compared to mild ME/CFS. Consistent with the
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above, increased albumin levels were associated with greater risk of being a severe compared to a mild
case (OR 1.25; p < 0.001).

Table 4. Laboratory test results in ME/CFS cases and healthy controls (adjusted analysis ***).

Assay Odds Ratio (95% CI) p-Value

ME/CFS cases vs. healthy
controls

Platelets 1.01 (1.00–1.01) 0.007
Urea 0.78 (0.65–0.94) 0.008
CK * 0.36 (0.23–0.57) <0.001

CRP * 1.37 (0.99–1.90) 0.059
ERS ** 1.33 (1.04–1.71) 0.023

Severe ME/CFS cases vs.
healthy controls

Urea 0.71 (0.53–0.96) 0.027
Creatinine 0.95 (0.91–0.98) 0.001
Bilirubin * 0.23 (0.10–0.52) <0.001

Albumin 1.20 (1.08–1.33) <0.001

CK * 0.05 (0.02–0.15) <0.001

T4 1.42 (1.21–1.66) <0.001

Vit. B12 * 4.12 (1.64–10.36) 0.0026

Severe ME/CFS cases vs.
mild/moderate ME/CFS

cases ****

Potassium 0.38 (0.13–1.13) 0.082
Creatinine 0.91 (0.87–0.94) <0.001

Bilirubin * 0.15 (0.06–0.36) <0.001

Albumin 1.25 (1.13–1.38) <0.001

CK * 0.16 (0.07–0.40) <0.001

CRP * 0.56 (0.32–0.97) 0.040
T4 1.26 (1.09–1.45) 0.0014

Folate * 1.83 (0.98–3.40) 0.058

* ln transformed; ** Square-root transformed; *** Adjusted for sex, age-group, BMI, and muscle mass, current
physical activity level; **** Further adjusted for disease duration; ME/CFS =Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome; ESR = erythrocyte sedimentation rate, CK = creatine kinase, CRP = C-reactive protein. Bolded
text signifies p < 0.001.

Across the analyses, differences in CK were the most consistent; there were marked differences
between cases and healthy controls, with severe cases having much lower levels than mild/moderate
cases or healthy controls (Figure 1a). By refitting the different outcome models either with urea,
creatinine, bilirubin, albumin, T4 and CK, or with CK alone, we could estimate the value of CK as
a potential marker for ME/CFS (Figure 1b). The ROC curve analysis for routine serum CK had a
limited role in distinguishing ME/CFS cases from healthy controls (AUC = 67%) but had a potential
role in distinguishing severely affected participants with ME/CFS from those with mild/moderate
ME/CFS (AUC = 75%) and from healthy controls (AUC = 84%) (Figure 1b). A full model adding CK,
bilirubin, albumin, T4, creatinine, and CRP, improved predictions, particularly when severe cases
were compared to non-severe cases and healthy controls (AUC = 91%; improvement over CK alone
p << 0.001), and a reduced model of CK, bilirubin, albumin and T4 (based on Table 4) had similar
performance (AUC = 90%).

We found a cut-off value of 51 U/L for serum CK to have high sensitivity for both ME/CFS
groups of severity compared to controls (sensitivity = 96%), and for severe ME/CFS cases compared to
mild/moderate cases (sensitivity = 88.7%). However, these have low specificity (<50%).
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Figure 1. (a) Levels of CK and disease outcome. CK was measured in healthy controls n = 136,
mild/moderate ME/CFS cases n = 216, and severe ME/CFS cases n = 56. Intercept 5.07411 (se 0.07907,
p < 0.001); slope-0.31797 (se 0.04120, p = 0.001). (b) ROC curves showing the predictability of a “full”
model (including urea, creatinine, bilirubin, albumin, CK, T4; dashed lined) vs CK alone (solid line);
areas under the curve (AUC) are presented in the legend. CK = creatine kinase; ME/CFS =Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome; ROC = Receiver Operating Curves.

Considering the strong association between activity levels and participant category—either case
or control (p < 0.0001)—we explored further the association between ln CK values and participant
category in three different strata of activity levels, i.e., “not at all active or rather inactive”, “neither
active nor inactive”, and “rather active or very active”. The results presented in Table 5, show clear
trends towards lower CK values in cases, particularly as those severely-affected are compared with
healthy controls. The highest significant levels are seen in those who declared they have been inactive
(p < 0.001).

Table 5. Median total CK (IQR) according to reported activity levels *.

Inactive (n = 190) Average (n = 72) Active (n = 121)

Healthy controls (n = 129) 76(70,157) 98(66,152) 110(84,153)
Mild/moderate ME/CFS cases (n = 199) 82(61,110) 92 (68,143) 85(73,108)

Severe ME/CFS cases (n = 55) 52(45,77) 46 (44,78) 60(46,91)

p-value ** <0.001 0.200 0.020

* Association between activity levels and case category (chi-squared test) p < 0.0001; ** p-value for Kruskal–Wallis
statistics comparing CK in healthy controls, mild-moderate, and severe cases within each activity level group.

4. Discussion

Routine laboratory tests are usually reported as normal in PWME, when they are used to exclude
other illnesses causing chronic fatigue. Among the routine laboratory tests for ME/CFS is serum CK,
with studies typically reporting CK results within normal ranges if, indeed, they are reported [11,12].
We found that PWME had lower CK levels than healthy controls, and that CK was significantly lower
in people with severe ME/CFS compared to those who were mild/moderately affected. The associations
persisted after adjusting for sex, age-group, BMI, muscle mass, or recent physical activity levels (all
of which potentially affect CK concentrations in serum [13,14]), as well as disease duration where
appropriate (i.e., when comparing cases of differing severity levels). Creatinine and bilirubin were
also found to be significantly lower in severely-affected patients compared to mild/moderate cases,
while albumin was higher in severe cases. There was a trend towards higher levels of CRP and ESR
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in ME/CFS, and particularly in those with mild/moderate disease. CK levels were found to be good
predictors of severe ME/CFS cases as compared to those who were less severely-affected or healthy
controls; this was enhanced by the inclusion of other laboratory tests results in the model.

4.1. The Physiological and Clinical Importance of CK

CK is a key enzyme involved in energy production and homeostasis processes, particularly in
tissues with highly dynamic and fluctuating energy demands which must be quickly satisfied, such as
the brain, skeletal muscle, and heart [15]. It is also present in many other cells, such as immune and
epithelial cells, where it also plays a crucial role in energy production [16,17].

Cellular energy is mainly generated from the breakdown of the high-energy molecule, adenosine
triphosphate (ATP). Although the complex mechanisms of cellular energy balance are not fully
understood, there is evidence that muscle cells depend on several processes to increase energy
availability and to avoid complete energy depletion by drawing on stores of ATP. CK plays a crucial
role in these processes: firstly, by establishing an efficient cytosolic storage of high-energy phosphates
for rapid ATP replenishment [13], it catalyses the relocation of γ-phosphate from ATP to creatine
to generate phosphocreatine and adenosine diphosphate (ADP), in a reversible process [18]; and
secondly, it is involved in the transfer of high-energy phosphate from the mitochondria to the muscle
cell cytoplasm, where it is used during muscle contraction [19]. Thus, measures of CK in serum may
indicate the availability of cellular energy [13].

CK serum concentrations are widely used to diagnose and monitor a range of muscle diseases
when high levels are clinically relevant. CK levels are known to increase with muscle injury and
inflammation [13], and may also be high in hypothyroid myopathy and secondary to treatment with
statins [14]; increased levels of serum CK can be seen in trained athletes and in individuals after
extreme exercise [20]. There are three types of CK, called isoenzymes: CK-MM (found in muscle and
raised in many muscle diseases), CK-MB (present in heart muscle in particular), and CK-BB (found
mostly in the brain but usually undetectable in peripheral blood) [13]. CK-MB used to be widely
used in the diagnosis of ischaemic heart disease, though it has now been superseded by other disease
markers [21].

Low serum CK concentrations have been reported less frequently, but they may be of clinical
significance in some rheumatological [22,23] and connective tissue diseases [24]. The causes and
significance of these findings are unclear, but it has been suggested that serum CK may be inversely
related to inflammatory processes [24,25], and low CK levels have been associated with muscle
weakness, independently of muscle atrophy [23]. A study on patients with severe renal failure reported
a significant association between lower serum CK and an increased risk of death, and suggested that
their serological findings might be explained by the patients’ wasted muscle mass and poor nutritional
status [26], but there was no subsequent suggestion of using serum CK for diagnosis or management of
these conditions. In studies on Huntington’s disease, a severe degenerative neurological disease [27],
it has been suggested that reduced brain energy may result from the reduced activity of the CK system,
and that loss of CK-BB may be an important unrecognized biomarker of this disease.

The low concentrationsof serum CK found in people with ME/CFS suggests an abnormality
in energy metabolism, which have been reported by distinct authors (e.g., references [28–32]) and
could explain the intolerance to exertion commonly reported by patients, and consequent reduction in
activity levels [2]. An alternative or additional explanation is that the lower serum CK resulted, at
least partially, from physical inactivity. Nevertheless, the persistent significant association between
lower serum CK and disease severity in the multivariate model that controls for activity suggests that
these results cannot be fully explained by reduced physical activity, but that there are other factors
involved. To explore further a potential confounding role of activity levels, we compared median
serum values of CK in different strata of activity category. The values were reduced in severely affected
cases in all strata Nevertheless, the potential for residual confounding is still present, and differential
misclassification on activity levels, with over-estimation of activity in severe ME/CFS cases, remains a
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possible (and at least partial) explanation, for the difference in the levels of CK observed. However,
with the increasing number of reports on energy metabolism abnormalities in people with ME/CFS,
further exploration of this association is warranted.

In addition to intolerance to physical exercise, patients with ME/CFS usually also report mental
fatigue and “brain fog”, as well as subjective muscle weakness [2,4,33]. Considering the importance
of CK in both muscle and brain metabolism, the low concentrations of this enzyme could, at least
partially, explain those symptoms.

Some researchers have previously reported intriguing findings on serum CK in PWME. For
example, two studies with 30 and 33 individuals, compared the CK serum concentration of ME/CFS
patients (diagnosed by the CDC-1994 criteria [3]) with those of healthy controls before and after
exercise, in order to evaluate physical capacity [34,35]. The mean CK in PWME was lower, though
not significantly, than in controls, and did not increase with exertion in those with ME/CFS (as seen
in healthy individuals). The results suggests that lack of acute physical effort was not the main
factor determining CK levels in PWME [34,35]. Another study on PWME found higher serum CK
in participants with enterovirus-specific RNA detected in muscle by biopsy, than in those with no
evidence of enteroviral infections. That study suggested that a sub-group of PWME might have
muscle damage secondary to enterovirus infection, but unfortunately, the authors did not specify the
concentrations of CK in the group of patients with lower values [36].

Other studies have considered possible mitochondrial function impairment in ME/CFS, which
reinforces the plausibility of metabolic dysfunction in the energy system (e.g., references [28–30]) as
our findings indicate.

4.2. Other Study Findings

Creatinine levels were found to be significantly lower in severe ME/CFS. Creatine phosphate (CP)
is converted to creatinine in muscle and creatinine is excreted in urine [13], so low CP resulting from
poor conversion of creatine to CP by CK could explain the low levels of creatinine found in severe
ME/CFS. Low urine concentration of creatinine have also been reported [37].

We also found that urea was reduced and platelets, CRP and ESR increased in PWME, although
this was not significant in the multivariate analysis. An inverse relationship between platelets and
CK was found in one study on rheumatoid arthritis, together with increases in inflammatory clinical
markers such as ESR and CRP [25]. Platelets also tend to increase in inflammatory processes [38].
Nevertheless, the pattern of inflammatory markers in our study leads us to speculate that some degree
of inflammation may be related to symptoms in people with mild/moderate ME/CFS. For people with
severe disease, it seems that the inflammatory response may have been inhibited, either due to a
lack of a persistent stimuli or to impairment of some aspects of the inflammatory response, which
may indicate chronic disease with established complications. However, it is important to note that
changes in inflammatory markers were relatively modest, and any further assumptions would need
to be appropriately tested and confirmed in a further set of samples. We found lower levels of urea
in mild/moderate cases, but not in those who were severely-affected. This could relate to creatinine
levels, which were also lower in ME/CFS compared to controls; however, for creatinine, the lowest
values were present in the most severely-affected. Abnormalities in the urea cycle have been reported
in ME/CFS (e.g., [39,40])

Other findings including raised albumin and T4 are more difficult to explain. Raised albumin
suggests malnutrition is not a main factor in ME/CFS in this study. The mildly raised T4 could
suggest minor changes related to thyroid hormone metabolism, such as in its peripheral conversion, as
previously suggested [41]. However, this hypothesis was not corroborated by other findings, which
showed similar T3 and TSH levels between the groups, neither do our findings are typical of euthyroid
sick syndrome. A higher prevalence of Gilbert’s syndrome in ME/CFS has been proposed in the
past [42], but this was not found in this study, which showed similar bilirubin levels in cases and
controls, with reduced bilirubin levels in people with severe ME/CFS compared to non-severe cases.
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Further investigations with a larger sample size and more detailed explorations of metabolic
pathways will be needed to confirm whether low CK activity is a primary or secondary event in
ME/CFS or, indeed, whether it reflects some other metabolic dysfunction. This could benefit from the
use of “diseased” controls groups, such as selected orthopaedic patients with prolonged immobility.
Meanwhile, we suggest that CK could be used as a potential marker of severe ME/CFS. It is important
to consider the clinical history and physical examination findings, as well as measures of activity (e.g.,
outputs from accelerometers) at the time of the blood draws for serum CK. Moreover, a “high-normal”
result in people who are often sedentary or bedbound, particularly those with severe ME/CFS, should
be interpreted with caution, as it could indicate the presence of muscle injury.

4.3. Study Strengths and Limitations

The study investigated a group of people with well-characterised ME/CFS using robust standards
of data and sample collection as described in the UK ME/CFS Biobank protocol [6]. In terms of ME/CFS
research, this was a large sample: 272 PWME were tested, including 56 who were severely-affected.
However, the assessment of activity level was by self-report [6]. If this resulted in overestimation of
activity levels in some groups, then differential misclassification may have resulted e.g., if the less
active and the severely-affected ME/CFS cases may have overestimated their activity levels [43].

The inclusion of severely-affected ME/CFS participants, typically absent from most previous
studies, may have been key to demonstrating abnormalities not previously reported. The results
presented here come from routine laboratory tests in PWME and healthy controls. The purpose of the
blood tests was primarily to exclude other diseases which could present with similar symptoms; the
examination of muscle-related biochemical abnormalities was not in response to a specific hypothesis
but was noted when all results were examined to test null hypotheses of no group differences between
study groups in laboratory test findings. This means that we were not able to examine abnormalities in
muscle/energy metabolism in more detail. However, our ability to investigate our findings further,
e.g., through enhanced metabolomic studies and by accessing additional biobanked samples from the
cohort, including at different time-points, will be instrumental in further understanding the changes
reported here.

5. Conclusions

This is the first study to find significant lower concentrations of CK in PWME. Some indications
of low CK values seem to have been overlooked previously when the trend towards lower values was
discarded as not significant and was not investigated further. A single measurement of serum CK may
not have enough sensitivity and specificity to be used as a biomarker for ME/CFS diagnosis, but, used
alongside other clinical and laboratory markers, routine CK blood tests could not only help to diagnose
ME/CFS accurately, but also to sub-group cases according to disease severity. It could potentially also
be used as a prognostic marker, and as an outcome measurement for observational studies and clinical
trials, as well as in clinical practice, pending further longitudinal studies examining the correlation of
clinical and laboratory-based phenotypes over time. Whether people with severe ME/CFS featuring low
CK constitute a unique sub-group of patients with distinct patterns of biochemical/pathophysiological
abnormalities and symptoms, or whether they represent a different phase or an extreme spectrum of
the disease, still needs to be clarified.

Our findings give significant support to the growing body of evidence on metabolic abnormalities
in ME/CFS, and we suggest further adequately-powered studies that include a fuller investigation
of specific metabolic pathways to elucidate whether CK is a primary or secondary abnormality in
all or in a sub-group of ME/CFS cases. Such studies should also help to elucidate the causes of such
abnormalities. Correlating serum CK concentrations with objectively measured activity levels and
other energy metabolism parameters could lead to a better understanding of the pathophysiological
abnormalities involved in muscle use and recovery, and their relationship to symptoms such as
post-exertional malaise and fatigue.
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Appendix A

Figure A1. Histograms of serum creatine phosphokinase (CK) results from the UK ME/CFS Biobank
participants, by category of recruitment. (a) Distribution of CK results (U/L); (b) Distribution of
transformed lnCK.
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Appendix B

Table A1. Blood tests reference ranges used by NHS laboratories.

Blood Tests Normal Ranges 1

White blood count (WBC) (3.5–11.0) × 109/L
Platelets (PLT) (140–400) × 109/L
Haemoglobin 110–150 g/L
Haematocrit 0.34–0.50 L/L
Neutrophils (1.7–7.5) × 109/L

Lymphocytes (1.0–4.0) × 109/L
Monocytes (0.2–1.5) × 109/L
Eosinophils (0.0–0.5) × 109/L
Basophils (0.0–0.1) × 109/L

Erythrocyte Sedimentation Rate (ESR) 0–20 mm/h
Sodium 135–145 mmol/L

Potassium 3.5–5.1 mmol/L
Urea 2.1–7.1 mmol/L

Creatinine 49–92 μmol/L
Adjusted calcium 2.20–2.60 mmol/L

Inorganic phosphate 0.80–1.45 mmol/L
Total bilirubin <21 μmol/L

Albumin 35–50 g/L
Globulins 21–35 g/L

Alkaline Phosphatase (ALP) <129 U/L
Aspartate aminotransferase (AST) <31 U/L

Total protein 63–82 g/L
Creatine phosphokinase (CK) <320 U/L

C Reactive protein (CRP) 0–5 mg/L
Free T3 3.8–6.0
Free T4 12.0–22.0 pmol/L

Thyroid stimulant hormone (TSH) 0.30–4.20 mU/L
Serum vitamin B12 160–925 ng/L

Serum folate >2.9 μg/L
Aldolase 1–7.5 U/L

1 Normal reference ranges applied by the specific NHS laboratories, from the NHS collaboration hospitals, i.e.,
Royal Free Hospital and Norfolk and Norwich University Hospital in the UK.
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Abstract: Biomarker discovery applied to myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS), a disabling disease of inconclusive aetiology, has identified several cytokines to potentially
fulfil a role as a quantitative blood/serum marker for laboratory diagnosis, with activin B a recent
addition. We explored further the potential of serum activin B as a ME/CFS biomarker, alone and
in combination with a range of routine test results obtained from pathology laboratories. Previous
pilot study results showed that activin B was significantly elevated for the ME/CFS participants
compared to healthy (control) participants. All the participants were recruited via CFS Discovery
and assessed via the Canadian/International Consensus Criteria. A significant difference for serum
activin B was also detected for ME/CFS and control cohorts recruited for this study, but median
levels were significantly lower for the ME/CFS cohort. Random Forest (RF) modelling identified five
routine pathology blood test markers that collectively predicted ME/CFS at ≥62% when compared
via weighted standing time (WST) severity classes. A closer analysis revealed that the inclusion of
activin B to the panel of pathology markers improved the prediction of mild to moderate ME/CFS
cases. Applying correct WST class prediction from RFA modelling, new reference intervals were
calculated for activin B and associated pathology markers, where 24-h urinary creatinine clearance,
serum urea and serum activin B showed the best potential as diagnostic markers. While the serum
activin B results remained statistically significant for the new participant cohorts, activin B was found
to also have utility in enhancing the prediction of symptom severity, as represented by WST class.

Keywords: myalgic encephalomyelitis; chronic fatigue syndrome; activin; pathology; biomarker;
cytokine; machine learning; reference intervals

1. Introduction

The quest for a quantitative diagnostic and a specific marker for ME/CFS has yet to identify a
reliable candidate, whether through routine pathology markers, or research efforts in immunology,
microbiology, neuroscience and elsewhere. A number of cytokines, for example transforming growth
factor-beta (TGF-β) and interleukin-10 (IL-10), have shown previous promise, but have not ultimately
delivered a validated diagnostic test [1–7]. To the list of potential serum markers, we have recently
added activin B, which was detected in a pilot research study involving volunteers recruited via CFS
Discovery (Donvale Victoria) [8].
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Activin B, along with activin A, is a member of the activin family of proteins, which belong to the
TGF-β superfamily of growth and differentiation factors. Follistatin is a high-affinity binding protein
for both activins, with diverse roles in physiology that include reproduction, haematopoiesis, immune
cell development, as well as inflammation and immunity. The biology of activin A, at the time of
writing, is better understood than that of activin B, although there is evidence of differences in relation
to hepcidin regulation, associated receptor binding and SMAD signalling [9–11].

Following the activin findings from preliminary studies [8], this investigation aimed to validate
these previous observations on a separate and larger population recruited by the same ME/CFS clinic in
Melbourne. As well as the activin focus, other aims included applying the results from pathology and
clinical testing, with and without activin B, to the pattern recognition algorithm random forest (RF), to
identify wider marker patterns that separate ME/CFS cases from healthy controls. In addition to the
development of activin B as a serum biomarker, a longer-term aim is to develop simpler diagnostic
tools from routine data to assist health professionals diagnose ME/CFS.

The report herein examines the diagnostic potential of serum activin B, both individually and in
combination with other blood, serum and urine markers considered for the assessment of research
participants. The investigation directly compared the ME/CFS cases to healthy controls, but also
examined the application of the weighted standing time (WST), as a measure of symptom severity, to
stratify the ME/CFS cohort into mild to severe classes prior to analysis.

2. Materials and Methods

2.1. Participant Recruitment and Ethics Approval

The recruitment of research participants and associated procedures were described previously [8].
All the participants were recruited via CFS Discovery (Donvale, VIC, 3111), either via direct invitation to
existing patients, or responses to advertising locally, and via social networking sites. Only participants
with a previous ME/CFS diagnosis were recruited.

Human Ethics approval was granted by the ANU Human Research Ethics Committee (Approval
No. 2015/193, approval date 29 June 2015), with approved consent forms and participant information
provided to each potential participant. Inclusion in the study was allowed after signed consent was
received by the researchers. Specific participant identifiers were not supplied to the researchers, and
only known to the clinicians and clinic staff. Each research participant was given an identification
code by the clinic, with age (at time of the appointment) and sex also provided. Eighty-five (85)
participants were initially recruited for the ME/CFS cohort, with five eventually excluded due to
comorbidities and/or difficulties attending the required appointments. Seventeen (17) healthy control
(HC) participants were recruited too and underwent the same assessment as the ME/CFS cohort, giving
a total study cohort size of 97 participants.

2.2. ME/CFS Assessment, Sample Collection and Tests

Each participant was examined by the CFS Discovery clinicians using the International Consensus
Criteria to guide ME/CFS diagnosis [12] (NB: the earlier pilot study used the Canadian Criteria, which
was replaced by the International Criteria in 2011–12). To be included in the ME/CFS participant cohort,
the International Consensus Criteria must have been satisfied.

All participants performed a test for orthostatic intolerance (standing test—see section on weighted
standing time for details) that included the collection of autonomic data during repose and the standing
task [13]. After the standing test, non-fasting venous blood samples were collected for routine pathology
testing, in addition to a parathyroid hormone (PTH), thyroid function testing (TFT), vitamin D and
serum activin B [8]. For participants who were able, 24-h urine samples were collected and the volume,
sodium (Na+), potassium (K+) and creatinine 24-h excretion rates were calculated.

Qualitative symptom inventories and questionnaires were also conducted for each participant,
including the Epworth Sleep Scale [14] and the DASS-42 [15,16].
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For the range of tests conducted, please refer to previous publications describing the CFS Discovery
pilot studies [8,13].

2.3. Data Cleaning, Organisation and Structure

Data were collected for each participant as standard practice for the CFS Discovery staff and stored
electronically in the secure clinic database. Each participant/patient file contained all the questionnaire
and survey data, the printed pathology results (Australian Clinical Laboratories, South Australia),
the standing test (orthostatic intolerance) data, including blood pressure (BP), heart rate (HR) and
associated autonomic measurements and calculations, the standing time and standing difficulty, as
well as clinical notes recording patient details (age, sex, weight, height).

An identification code was assigned to each research participant by CFS Discovery staff, after
which data were matched and added to a spreadsheet for researcher interrogation. Heart rate (HR) data
collected during the standing test was assessed for evidence of POTS (postural orthostatic tachycardia
syndrome), with a HR increase of ≥30 beats per minute (bpm) upon standing from a lying position
accepted as positive for co-morbid POTS [13,17]. The final data collection included the standing
time and difficulty scores, WST calculations, POTS (yes or no), blood, serum and urine pathology
results, serum activin B, DASS and Epworth Sleep scale results, along with notes on other conditions
or comorbidities.

After the clinic appointment, the participants were asked to collect a 24-h urine sample within a
week of the clinic visit. A minority of participants did not collect this sample, resulting in a number of
missing values for urinary Na+, K+, creatinine and their 24-h excretion rates. With small to medium
samples sizes, the median for each WST class was calculated and used to fill the missing values for
each specific class.

2.4. Orthostatic Intolerance (OI) Assessment

Standing difficulty is a subjective ordinal scale developed by CFS Discovery clinicians, which with
standing time (maximum of 20 min, recorded at two-minute intervals with autonomic measurements,
as well as at repose before and after standing) is used to calculate the weighted standing time (WST).
The standing difficulty scale ranges from 0 (no difficulty standing during 20 min upright) to 10 (extreme
difficulty to maintain an upright stance). If the participant was not able to stand for at least 10 min,
they were given a standing difficult score of 14. The participants who could maintain an upright stance
for longer than 10 min, but not stand for the entire 20 min, were scored at 12 for standing difficulty.
The standing difficulty scale has not been validated on other patient/participant populations.

2.5. Weighted Standing Time (WST)

The standing test procedure to assess orthostatic intolerance and detect POTS has been published
previously [13], with a British study finding similar rates of POTS in a cohort from northern England [17].
Furthermore, the WST and its capacity to stratify ME/CFS severity, along with identify useful patterns
in diagnostic markers, was recently published [18].

In brief, the WST takes the standing time (0–20 min, recorded at 2-min intervals) and weights this
time with the subjective standing difficulty score, as described by the following equation:

Weighted standing time (WST) = Time standing (mins) × (1 − (Difficulty/14)) (1)

The WST, therefore, provides a proxy for ME/CFS severity and a response variable with which
to investigate the significance of the predictor (independent) variables and their interactions. The
results presented herein were generated from the analyses of WST severity classes, as summarised in
Table 1. With the majority of the study participants able to stand for the entire 20 min of the orthostatic
intolerance (OI) test, standing time alone was not an effective response variable.
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Table 1. Definitions of ME/CFS symptom severity classes by Weighted Standing Time (WST), with
reference to standing time and difficulty. (a) Four categories featuring a healthy control category, and
a severity scale from mild to severe symptoms. (b) Three severity classes where the healthy control
cohort (0) was combined with the mild category (1) from Table (a) to increase sample size for random
forest algorithm interrogation (WST). All ME/CFS cases fulfilled the ICC diagnostic criteria.

(a)

Category n WST Definition of ME/CFS Symptom Severity Class (Post ICC)

0 17 14.29–18.57 Healthy—No disease; All stood 20 min at Difficulty 1–4
1 19 15.71–18.57 Mild severity; All stood 20 min at Difficulty 1–3
2 38 6.43–14.29 Moderate Severity; All stood 20 min at Difficulty 4–10
3 23 0.0–2.57 Severe; All <20 min standing + Difficulty 12 or 14

(b)

Category n WST Definition of ME/CFS Symptom Severity Class (Post ICC)

0 * 36 14.29–18.57 Healthy +Mild symptoms; All stood 20 min at Difficulty 1–4
1 38 6.43–14.29 Moderate Severity; All stood 20 min at Difficulty 4–10
2 23 0.0–2.57 Severe; All <20 min standing + Difficulty 12 or 14

ICC—International Consensus Criteria (Diagnostic criteria for ME/CFS [12]). Standing time scale—0 to 20 min, with
measurements at every two minutes; Standing difficulty scale—0 represents no difficulty, 14 represents extreme
difficulty resulting in the inability to stand upright for a minimum of 10 min. * (0 + 1 from Table 1a).

2.6. Statistics and Machine Learning

2.6.1. Statistical Analyses

All descriptive statistics, test (inferential) statistics and regression/correlation analyses were
performed using SPSS (Version 22—IBM SPSS software, Chicago, IL, USA).

Prior to conducting the appropriate statistical analyses, all raw data collected for investigation
were subject to a one-sample Kolmogorov–Smirnov (K-S) test to assess whether they fulfilled a normal
distribution, with K-S results of p≤ 0.05 indicating that the specific marker distribution was significantly
different from a normal curve. Based on the K-S results (Table 2), statistical significance between
two groups was estimated by a Mann–Whitney U test, and three or more groups by Kruskal–Wallis
non-parametric tests. Jonckheere–Terpstra non-parametric tests were also applied where the groups
were clearly ordinal. Descriptive results were presented as the median and 25th–75th interquartile
range (IQR).

Significance was set at p < 0.05 for the two group comparisons using the Mann–Whitney U test,
and also for comparisons across more than two classes in the Kruskal–Wallis (KW) test.

2.6.2. Machine Learning

R statistical programming version 3.5.1 was used to run the recursive partitioning algorithms
random forest (R library randomForest) and decision trees (R library rpart) [19,20]. Algorithm tuning
was performed via the R caret package [21].
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Table 2. Comparison of ME/CFS and healthy control participants via a range of pathology markers,
questionnaire results, and serum Activin B. Results summarised as medians and 25th–75th IQR
for a ME/CFS cohort diagnosed by the International Clinical Criteria, and a control cohort of
healthy participants.

Blood/Serum/Urine Marker
Median (25–75%)

p-Value * K-S (p-Value) **
ME/CFS (n) Healthy Control (n)

MCH (pg) 30.80 (79)
(29.40–31.50)

30.35 (17)
(29.55–31.40) 0.44 0.025

Lymphocytes (×109/L)
2.00 (80)

(1.50–2.30)
2.30 (17)

(1.90–2.60) 0.08 0.009

Neutrophils (×109/L)
3.70 (80)

(2.80–4.78)
4.30 (17)

(3.35–5.35) 0.16 0.076

Platelets (×109/L)
260.5 (80)

(232.0–303.8)
264.0 (17)

(234.5–297.0) 0.76 0.200

Serum Sodium (mmol/L) 141 (79)
(140–142)

141 (17)
(139.5–142) 0.15 <0.001

Serum Bicarbonate (mmol/L) 29 (79)
(27–32)

29 (17)
(28–30.5) 0.32 0.016

Serum Urea (mmol/L) 4.9 (79)
(3.9–5.7)

5.5 (17)
(4.8–7.9) 0.04 0.002

Serum Creatinine (μmol/L) 74.0 (79)
(66.0–82.0)

76.0 (17)
(67.5–82.5) 0.67 0.001

ALP (U/L) 67.5 (80)
(56.0–80.5)

65.0 (17)
(52.0–77.5) 0.49 0.200

PTH (pmol/L) 5.45 (80)
(3.33–6.78)

7.70 (15)
(5.20–8.80) 0.03 0.001

Urinary Creatinine Excretion
Rate (mmol/24 h)

9.9 (68)
(8.1–11.7)

13.1 (13)
(10.8–17.2) 0.004 0.020

Activin B (pg/mL) 85.95 (80)
(70.48–125.76)

114.19 (17)
(92.21–162.24) 0.013 <0.001

Survey Results ME/CFS (n) Healthy Control (n) p-Value * K-S (p-Value) **

DASS (Total) ˆ 28.0 (54)
(14.8–47.0)

8.0 (17)
(4.0–11.5) <0.001 0.001

Epworth Sleep Scale 5.5 (54)
(3.0–9.3)

4.00 (17)
(3.0–6.5) 0.09 <0.001

Age (Years) 48.0 (80)
(39.3–56.0)

41.0 (17)
(29.0–51.0) 0.02 0.200

* Median and 25–75% IQR (Inter-Quartile Range) - Mann–Whitney U test - Significance at p < 0.05.
** Kolmogorov–Smirnoff test (one sample) for Normal data distribution. ˆ DASS-42 (Depression, Anxiety, Stress
total score).

Random forest analysis (RFA) was performed using the WST classes summarised in Table 1b. Due
to class imbalance and the relatively small overall sample size, the healthy controls were combined
with mild ME/CFS cases (Table 1a) to create an adjusted WST class 0, and therefore provide a larger
class sample size for subsequent RFA. Running the original WST classes (Table 1a) as the response of
interest resulted in very poor class prediction, and as such, an ineffective model, in spite of attempts
to compensate with class balancing R script. Future studies will benefit from larger sample sizes,
particularly for healthy control cases.

All the RFA results presented herein used the three-class (WST) model to detect predictors of
absent or mild ME/CFS symptoms (0), compared to moderate (1) or severe (2) symptoms (Table 1b).

Severe cases were characterised by their inability to remain upright for the full twenty minutes
of the standing test for orthostatic intolerance. Missing values in the raw data were filled by the
median for each WST category, prior to RFA. Missing data was most pronounced for the 24-h urine
markers, with 15–20% missingness found due to test non-compliance after the CFS Discovery initial
appointment. The total case numbers for the ME/CFS and healthy cohorts are summarised in Table 2.
Individual missing values were also found for serum urea and electrolytes, and MCH.

Via algorithm tuning (caret), all RFA had the following features:
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mtry = 4 (4 predictor variables tried for splitting at each node); ntree = 5000 (5000 decision trees
grown to determine predictor variable rankings). With the following features included—replace =
TRUE (cases are replaced during algorithm bootstrapping), and importance = TRUE (as well as Gini
Index ranking, scores based on permutation ranking).

As well as the primary RFA to detect and rank predictors of ME/CFS severity via WST, bagging and
boosting ensembles for a variety of algorithms were tested in parallel using R statistical programming
via the caret and caretEnsemble packages [21,22]. Bagging and boosting are resampling methods used
by the algorithm of interest to increase prediction accuracy through reducing variation, or correcting
errors during the analysis. The analyses presented allowed for the comparison of machine learning
methods, and therefore the assessment of the best analytical strategy for the dataset of interest.

A number of machine learning options are available for the training and testing of data to reveal
outcome predictors. To examine the best machine learning option, ensemble analyses that compared
random forest analyses (RFA) to support vector machines (SVM), gradient boosting and decision trees,
were conducted with the aims of assessing the comparative predictive accuracy of various machine
learning techniques. The relationships between the various machine learning algorithm ensembles,
presented as accuracy measures and kappa statistics, are summarised in Figure 1.

Figure 1. A variety of machine learning ensembles compared to assess performance for ME/CFS WST (0,
1, 2) class prediction, as measured by percentage accuracy and the Kappa statistic. Boosting strategies
applied to enhance machine learning performance for ensemble random forest (RF), gradient boosting
(gbm), c5.0 tree construction and support vector machines (SVM).

For the WST analyses, RFA produced the best accuracy and kappa results, suggesting this as the
most suitable ML method to apply. For a comparatively small data set (for this study, 97 in total), RFA
provides a method whereby hundreds to thousands of trees can be propagated as one analysis, and
therefore introduce extra robustness into the analysis, which likely explains the superior performance
for this data set. Nevertheless, the limitations of the total sample size did reflect in the large differences
in accuracy and kappa statistic results. Receiver operating curves (ROC) and associated results were
calculated by RFA modelling of MCH, ALP, serum urea, blood lymphocytes, 24-h urinary creatinine
and activin B.

Random Forest Analyses (RFA) were subsequently applied to binary outcomes representing
the direct comparison of ME/CFS to HCs, as well as the stratification of ME/CFS severity by WST
(Table 1). Early investigations did not produce a model because of class imbalance between ME/CFS
and HC categories, in spite of introducing class balancing script into the R code for RFA. Combining
Healthy Controls with mild ME/CFS cases (Table 1b) solved this problem, allowing the building of

150



Diagnostics 2019, 9, 79

RFA predictive models of disease categories. All the results presented hereafter are on the adjusted
WST classes, as summarised in Table 1b.

To calculate the marker thresholds (e.g., ALP > or < 60 U/L), the recursive partitioning algorithm,
decision trees, was used on the same dataset classified by WST, with trees developed also for the direct
comparison ME/CFS to healthy controls, and the full WST classification from class 0–3 (Table 1a). For
all the trees, the minimum split was 20 and the complexity parameter (cp) ranged from 0.01 to 0.085.
The direct comparison of ME/CFS cases to healthy controls required a cp of 0.14. Due to the small to
moderate starting sample sizes for each WST class, and that the final decision thresholds involved the
loss of cases, results must be ascertained with caution, as the final decisions were often drawn from
fewer than 10 cases.

2.7. Receiver Operating Characteristics

With the recognition of a predictor variable pattern by RFA, associated with the WST class,
the diagnostic potential of the multi-marker profile to accurately separate ME/CFS severity was
examined by receiver operating characteristic (ROC) curves, supported by an area under curve (AUC)
calculation. A ROC curve plots assay sensitivity (rate of true positives) against the false positive rate
(100—Specificity), with AUC estimating the accuracy of separating the two classes. As this suggests,
only two WST classes were compared at one time, namely classes 0 versus 1, 0 versus 2, and class 1
versus class 2.

ROC plots were generated and AUC was calculated by the R statistical programming package
ROCR [23].

Examples of R code and primary results generated by machine learning and ROC are available in
the Supplementary Materials.

2.8. Activin B Assay

The development and optimisation of the activin B assay in human populations have been
published previously [24,25]. However, for this study, the established assay for activin B was modified
after it was discovered that non-specific interference was impacting the capacity of the assay to
accurately measure lower activin B concentrations in human serum. The assay, which was used to
measure serum activin B concentrations in the previous pilot study [8,18], was modified by the addition
of activin-free gelding serum, as a carrier to remove the interference and enhance the accuracy of
activin B detection.

3. Results

3.1. Direct Comparison of ME/CFS and Healthy Cohorts

The direct comparison of a range of pathology (blood, urine, serum) markers, questionnaire results
and activin B are summarised in Table 2. The subset of pathology markers included were informed
by exploratory data interrogation by machine learning (Figures 1 and 2), with additional serum
electrolytes, platelets, neutrophils and parathormone (parathyroid hormone—PTH) also included
because of clinical interest in the potential importance of these markers, as well as for the association
with renal function suggested by other results. Red cell indices and TFTs showed no anaemia or
thyroid deficiency associated with chronic fatigue symptoms, and in general all individual pathology
results from ME/CFS and HC were within the laboratory reference interval, with exceptions outside of
the reference interval excluded from the analyses if clinically indicated as a diagnostic confounder.
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Figure 2. Random Forest plots of (a) a model using basic blood and urine test pathology markers to
predict Weighted Standing Time (WST) classes (0, 1, 2) of ME/CFS, (b) the same model with Activin
B results added. The left column represents the RFA Importance measure, and the right column the
ranking of predictors by Gini Index. Refer to Table 1b for WST Class definitions. OOB—Out of Bag
(Error Rate). Creat.Excret (24-h urinary creatinine excretion rate); ALP (serum alkaline phosphatase);
Act.B_Base (first appointment, serum activin B assay); MCH (mean corpuscular haemoglobin); Urea
(serum urea); Lymph (blood lymphocyte count).
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As summarised in Table 2, the results of Kolmogorov–Smirnov (K-S) testing showed that platelets,
ALP, neutrophils and age were assessed as being normally distributed, with the majority of markers
at p ≤ 0.025, which therefore did not follow a normal distribution. For this reason, non-parametric
statistics were used for all markers and survey results to determine whether statistical significance was
achieved for comparisons between ME/CFS classes. The small loss of power due to nonparametric
testing was regarded as clinically unimportant.

Statistically significant differences in median pathology results from the comparison of ME/CFS
to HC cases were observed for serum urea, parathyroid hormone (PTH) and 24-h urinary creatinine
excretion rate, with each of these significantly decreased for ME/CFS (p ≤ 0.05). The median age was
significantly higher for the ME/CFS group, with the median total DASS score significantly elevated
(separate depression and anxiety scores were significantly increased for the ME/CFS group, but not the
stress score). Although sleep problems are often reported during ME/CFS assessment, the Epworth
Sleep score did not differ significantly between the groups.

Activin B

An objective of this study was to validate a previous (pilot) study result, which found that activin
B is a serum biomarker that significantly (p < 0.05) separates ME/CFS patients from healthy controls
(HC). On direct comparison of the medians (Table 2), activin B was significantly lower (p = 0.013) for the
ME/CFS cohort compared to results from the HC participant cohort. This is an inversion of the previous
results, which found that activin B was significantly elevated in ME/CFS participants [8]. As described
in the Materials and Methods, the activin B assay had been re-optimised prior to these analyses.

3.2. Analyses of Markers Stratified by Weighted Standing Time (WST)

3.2.1. Four Severity Categories

Marker variation and survey results were investigated after the ME/CFS cohort was stratified by
WST for symptom severity (classes 1–3) and compared to healthy controls (class 0) (Table 3). Median
(25th–75th IQR—interquartile range) results were presented and statistical significance assessed by
Kruskal–Wallis tests.

Serum urea, ALP and 24-h urinary creatinine excretion rate were statistically significant at p < 0.05.
The difference between WST classes for DASS (Total) also achieved statistical significance, with
increases in total DASS scores obvious for of the WST ME/CFS classes (1–3), when compared to HC
(class 0).

Significance at p < 0.05 was not observed for activin B when comparing healthy controls (class 0)
to the WST stratified ME/CFS cohort (classes 1–3) (Table 3). As seen in Table 3, apart from WST class
2 (moderate severity), the 25–75 IQR were large, suggesting high variations in the activin B results.
When the healthy controls (WST 0) were compared directly to WST 2 by the Mann–Whitney U test, a
significant result at p = 0.005 was found, whereas the comparison of WST 0 to WST 1 and 3 was not
significantly different (p > 0.05). Based on this observation, activin B is most useful for separating
healthy individuals from patients experiencing moderate ME/CFS symptoms, as defined by WST.
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Table 3. Comparison of pathology markers, questionnaire results and serum Activin B for ME/CFS
sub-cohorts stratified by the Weighted Standing Time (WST) symptom severity scale, compared with a
control cohort of healthy participants. Results summarised as medians and 25th–75th IQR.

Blood/Serum/Urine Marker
Weighted Standing Time Median (25th–75th) p-Value *

WST 0 (n) WST 1 (n) WST 2 (n) WST 3 (n)

MCH (pg) 30.8 (17)
(29.4–31.5)

30.6 (19)
(30.0–31.2)

30.3 (38)
(28.7–31.0)

30.9 (23)
(30.2–31.6) 0.08

Lymphocytes (×109/L)
2.3 (17)

(1.9–2.6)
1.8 (19)

(1.5–2.8)
2.0 (38)

(1.5–2.3)
2.1 (23)

(1.8–2.5) 0.10

Neutrophils (×109/L)
4.3 (17)

(3.4–5.4)
3.6 (19)

(2.6–4.8)
4.1 (38)

(2.9–4.9)
3.5 (23)

(2.5–4.5) 0.24

Platelets (×109/L)
264 (17)

(235–297)
244 (19)

(203–308)
258 (38)

(227–307)
273 (23)

(251–300) 0.50

Serum Sodium (mmol/L) 141 (17)
(139.5–142)

140.8 (18)
(141.5–142)

141 (38)
(141–142)

140 (23)
(141–142) 0.08

Serum Bicarbonate (mmol/L) 29 (17)
(28–30.5)

30 (18)
(27–32.3)

29 (38)
(28–31.5)

29 (23)
(27–30) 0.46

Serum Urea (mmol/L) 5.5 (17)
(4.75–7.9)

5.1 (18)
(3.8–5.6)

5.4 (38)
(4.0–6.1)

4.5 (23)
(4.0–5.1) 0.04

Serum Creatinine (μmol/L) 76 (17)
(67.5–82.5)

73.5 (18)
(68–93)

76 (38)
(66.5–85.5)

71 (23)
(65–77) 0.26

ALP (U/L) 65 (17)
(52–77.5)

64 (19)
(53–78)

72 (38)
(62–84.5)

60 (23)
(45–74) 0.035

PTH (pmol/L) 7.7 (15)
(5.2–8.8)

5.7 (19)
(3.7–6.8)

5.6 (38)
(3.7–7.5)

5.2 (23)
(2.9–6.5) 0.12

Urinary Creatinine Excretion
Rate (mmol/24 h)

13.1 (13)
(10.8–17.2)

10 (16)
(7.8–14.4)

9.4 (31)
(7.7–12.2)

10.2 (21)
(9.2–10.9) 0.035

Activin B (pg/mL) 114.19 (17)
(92.21–162.24)

89.48 (19)
(59.97–147.17)

79.97 (38)
(71.00–106.97)

89.74 (23)
(70.48–133.19) 0.07

Survey Results WST 0 (n) WST 1 (n) WST 2 (n) WST 3 (n) p-Value *

DASS (Total) ˆ 8 (17)
(4–11.5)

25 (16)
(10.3–36.3)

28 (26)
(15.3–47.3)

28 (12)
(16.3–54.5) <0.001

Epworth Sleep Scale 4 (17)
(3–6.5)

4 (16)
(1.5–5.8)

7 (26)
(3–12)

6.5 (12)
(3.3–10.8) 0.04

Age (Years) 41 (17)
(29–51)

45 (19)
(39–50)

55 (38)
(43–61.5)

42 (23)
(36–53) 0.01

Weighted Standing Time (symptom severity scale during standing test)—WST 0 (Healthy Controls); WST 1 (ME/CFS
- Mild); WST 2 (ME/CFS - Moderate); WST 3 (ME/CFS - Severe)—See Table 1a. IQR (Inter-Quartile Range). * p-value
set at p < 0.05 (Bonferroni correction not required for Kruskal–Wallis tests). ˆ DASS-42 (Depression, Anxiety, Stress
total score).

3.2.2. Three Severity Categories

WST classes 0 and 1 were combined to increase sample size for subsequent machine learning
(ML), resulting in adjusted WST classes representing categories defining absent or mild symptoms (0),
moderate (1) or severe ME/CFS symptoms (2), as reflected by orthostatic intolerance. This adjusted
WST classification (Table 1b) was used for all the following RFA and ROC investigations.

Age, Epworth Sleep Scale and total DASS score showed significant variations between WST classes
(Table 4—Kruskal–Wallis test). Age was significantly higher for the ME/CFS cohort compared to healthy
controls (Table 2). Comparison across WST classes indicated that the participants with moderate
symptom severity were responsible for this age difference, which will require further investigation. Of
the serum/blood markers, only MCH and ALP were significantly different, with ALP WST class 1 of a
higher median compared to WST 0 and 3. Age can impact serum ALP levels; therefore, caution must
be exercised when interpreting this result.
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Table 4. Comparison of pathology markers, questionnaire results and serum Activin B for ME/CFS
sub-cohorts stratified by the Weighted Standing Time (WST) symptom severity scale, including a
control cohort of healthy participants. WST 0 and 1 (Table 2) data were pooled prior to analysis. Results
summarised as medians and 25th–75th IQR.

Blood/Serum/Urine Marker
Weighted Standing Time Median [25th–75th]

p-Value *
WST 0 (n) WST 1 (n) WST 2 (n)

MCH (pg) 30.8 (36)
(29.9–31.4)

30.2 (38)
(28.8–30.9)

30.9 (23)
(30.2–31.6) 0.03

Lymphocytes (×109/L)
2.0 (36)

(1.6–2.6)
1.95 (38)
(1.5–2.2)

2.1 (23)
(1.8–2.5) 0.15

Neutrophils (×109/L)
3.9 (36)

(2.8–5.2)
4.1 (38)

(2.9–4.9)
3.5 (23)

(2.5–4.5) 0.34

Platelets (×109/L)
254.5 (36)

(214.3–305.0)
256.5 (38)

(219.5–305.8)
273.0 (23)

(251.0–300.0) 0.45

Serum Sodium (mmol/L) 141 (35)
(140–142)

141.5 (38)
(141–142)

141 (23)
(140–142) 0.07

Serum Bicarbonate (mmol/L) 29 (35)
(28–31)

29.5 (38)
(28–31.3)

29 (23)
(27–30) 0.52

Serum Urea (mmol/L) 5.1 (35)
(4.6–6.4)

5.4 (38)
(3.9–6.1)

4.5 (23)
(4.0–5.1) 0.08

Serum Creatinine (μmol/L) 74 (35)
(69–84)

76 (38)
(66.8–84.8)

71 (23)
(65–77) 0.13

ALP (U/L) 64 (36)
(53.3–77.5)

72.5 (38)
(62–85.3)

60 (23)
(45–74) 0.014

PTH (pmol/L) 5.9 (34)
(4.7–8.4)

5.6 (38)
(3.7–8.4)

5.2 (23)
(2.9–6.5) 0.19

Urinary Creatinine Excretion
Rate (mmol/24 h)

12.7 (29)
(8.3–15.3)

9.4 (31)
(7.7–12)

10.2 (21)
(9.2–10.9) 0.13

Activin B (pg/mL) 103.36 (36)
(78.57–148.78)

80.73 (38)
(71.27–107.81)

89.74 (23)
(70.48–133.19) 0.15

Survey Results WST 0 (n) WST 1 (n) WST 2 (n) p-Value *

DASS (Total) ˆ 11 (33)
(6.5–29.5)

28 (26)
(15.3–47.3)

28 (12)
(16.3–54.5) 0.004

Epworth Sleep Scale 4 (33)
(3–6)

7 (26)
(3–12)

6.5 (12)
(3.3–10.8) 0.015

Age (Years) 43 (36) (36.3–50) 54.5 (38) (43–61.3) 42.00 (23) (36–53) 0.007

Weighted Standing Time (symptom severity scale during standing test)—WST 0 (Healthy Controls +mild symptoms
- WST 1, Table 3); WST 1 (ME/CFS - Moderate); WST 2 (ME/CFS - Severe)—See Table 1b. IQR (Inter-Quartile Range).
* p-value set at p < 0.05 (Bonferroni correction not required for Kruskal–Wallis tests). ˆ DASS-42 (Depression, Anxiety,
Stress total score).

A significant difference between WST classes was not observed for activin B. The combination of
healthy controls with mild cases increased the WST 0 median, and therefore statistically significant
separation from WST classes 1 and 2 was not achieved.

3.3. Exploratory Machine Learning Analyses of ME/CFS and Healthy Control Data

As assessed by algorithm ensembles that calculated percentage accuracy and the kappa statistic
(Figure 1), Random Forest Analysis (RFA) was chosen as the machine learning method to conduct
deeper analyses of the ME/CFS results. Two sampling methods were tested for each ensemble, namely
(a) boosting and (b) bagging. In general, similar accuracy and kappa results were found for both
sampling strategies (bagging results not shown).

Figure 2 presents the results of two RFA, one with five routine pathology markers, and the other
with activin B included in the same pathology model. The pathology markers represent the most
effective constellation of blood or urine test results that most successfully predicted WST categories 0, 1
and 2, with an overall predictive accuracy of 62–65%. The addition of extra pathology variables either
did not improve the accuracy of the model or reduced overall WST class predictive accuracy.

The addition of Activin B to the model did not change the overall accuracy of the RFA model, but
did slightly improve the prediction accuracy for WST class 2 (severe), at the expense of a poorer WST
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class 0 prediction (Figure 2b). Activin B ranked as the third most important predictor of ME/CFS-WST
categories, behind 24-h urinary creatinine excretion rate and ALP, both on the importance ranking and
mean decrease Gini index (Figure 2).

RFA emphasised 24-h urinary creatinine clearance as a key predictor of WST classes, with ALP
ranking as the second most important predictor from among the pathology markers. The subsequent
analysis of the same data by a tuned (cp = 0.01, minsplit = 20) single decision tree confirmed the leading
role of urinary creatinine as a ME/CFS predictor (decision tree code and results are available in the
Supplementary Materials).

3.4. Receiver Operating Characteristic (ROC) Analyses and Discrimination of WST Categories by Activin B
and Pathology Markers Post Random Forest

To assess the predictive value of the RFA models applying activin B, mean corpuscular haemoglobin
(MCH), serum urea, lymphocytes, alkaline phosphatase (ALP) and urinary creatinine excretion rate to
the prediction of ME/CFS, ROC curves were plotted and the area under curve (AUC) was calculated.

ROC curves and AUC calculations were examined as pairwise comparisons between WST classes
(0-1, 0-2, 1-2). RFA and ROC were not reliable for the direct comparison of ME/CFS to healthy controls,
due to data imbalance issues described elsewhere.

Figure 3 presents the RFA and ROC results for the comparison of WST classes 0 and 1 (Table 1b).
Figure 3a shows the Gini Index and Importance (Mean Decrease Accuracy) weighting of predictor
variables to discriminate between WST classes 0 and 1 (mild symptoms and healthy cases combined
versus moderate ME/CFS symptoms). The rate of urinary creatinine excretion was the top-ranked
predictor, followed by serum activin B. For the total constellation of markers, the 0 versus 1 AUC was
calculated at 0.755, with the ROC curve showing a clear separation from 0.50 (Figure 3b).

Figure 3. Cont.
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Figure 3. (a) Random Forest Analysis (RFA) and (b) Receiver Operating Characteristic (ROC)
investigations on the prediction of Weighted Standing Time (WST) classes 0 versus 1, and the relative
importance of activin B and pathology markers in separating the two WST classes of ME/CFS severity.
AUC—area under curve (accuracy calculation from true and false positive rates).

For the ROC-AUC analysis of class 0 versus class 2 (mild ME/CFS symptoms and healthy controls
versus severe ME/CFS), urinary creatinine excretion rate was again the top-ranked predictor, with
the impact of activin B reduced as determined by Gini Index and Importance scale, and serum urea
and ALP elevated in predictive importance (AUC = 0.795). For classes 1 versus class 2, representing
moderate versus severe ME/CFS symptoms, ALP, MCH, lymphocytes and serum urea ranked higher
on both the Gini Index and Importance scale than urinary creatinine excretion and activin B, inverting
the ranking observed for comparisons against class 0 (AUC = 0.704) (Results not shown).

3.5. Correct Prediction of ME/CFS Cases by RFA

As well as ranking predictors, the RF algorithm allowed the prediction of case category (WST class)
based on the variables entered into the model. To understand the power of correctly predicted cases as
a data modelling method to refine decisions on the diagnostic acuity of marker patterns, ROC was
repeated for WST classes 0 versus 1, with only correctly RFA predicted 0 or 1 cases included (Figure 4).
The importance ranking of predictors (Figure 4a) resembled that found for the all data general model
(Figure 3), with urinary creatinine excretion rate, activin B and ALP the top three predictors of WST
classes 0 or 1. The ROC curve showed an excellent separation from the 0.50 threshold, with an AUC of
0.963, which was clearly superior to AUC 0.755 found for the general model of the same WST classes
that included all cases, regardless of correct prediction (Figure 3).
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Figure 4. (a) Random Forest Analysis (RFA) and (b) Receiver Operating Characteristic (ROC)
investigations on the prediction of Weighted Standing Time (WST) using only correctly predicted cases
from the WST classes 0 versus 1, and the relative importance of activin B and pathology markers in
separating the two WST classes of ME/CFS severity. Correct case prediction was performed via RF.
AUC—area under curve (accuracy calculation from true and false positive rates).

The correctly predicted cases across the entire WST scale (Table 1b) were investigated by RFA to
elucidate the broad pattern of the designated markers associated with the best accuracy prediction
(Figure 5).
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Figure 5. Relative predictor variable importance as determined by Random Forest Analysis (RFA)
using only cases that were correctly predicted for each specific WST class (Table 1b) of ME/CFS severity.
Correct case prediction by WST class was achieved by RFA.

Similar to the ranking of markers for WST classes 0 versus 1 (Figures 3 and 4), the urinary creatinine
excretion rate, ALP and activin B were the top-ranked predictors of all the WST classes (Figure 5),
which stratifies ME/CFS severity as according to orthostatic intolerance testing performance. While the
cases were correctly predicted, WST class 0 recorded an (OOB) error rate of 8.7%, while class 2 recorded
a 17% error rate. However, class 1 (Moderate severity) was perfectly predicted (Figure 5), suggesting
again that the marker set including activin B is best for predicting symptom severity ranging from
healthy, through mild, to moderate ME/CFS. The extent of the error rate in the severe cases indicates
wider variation in these ME/CFS cases. Future studies involving larger participant samples will assist
in determining predictive parameters with greater accuracy.

3.6. New Reference Intervals for Serum and Urine Markers Based on Correct Random Forest Prediction

To provide simpler and accurate guidance to clinicians supporting ME/CFS patients, reference
intervals were calculated based on cases correctly predicted by RFA. The reference intervals were
calculated using the median and 25–75% IQRs.

New reference intervals based on correctly predicted cases for each analyte of interest were
calculated based on the following criteria: (1) comparison of the ME/CFS cohort with the healthy
control group; (2) calculation of reference intervals following the WST criteria of categories 0 (healthy
controls plus mild ME/CFS), 1 (moderate symptoms), and 2 (severe symptoms). The full WST
classification definitions are summarised in Table 1.

Tables 5 and 6 show the medians and 25–75th IQR for the ME/CFS predictors correctly detected
by RFA (namely, MCH, lymphocyte count, serum urea, ALP, 24-h urinary creatinine excretion rate and
activin B), using criteria 1 (Table 5) and 2 (Table 6).
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Table 5. Median and 25–75 IQR calculated from ME/CFS or healthy control cases correctly predicted by
Random Forest Analysis (RFA). ME/CFS cases ranged from mild to severe symptoms, as determined by
the International Consensus Criteria [12] and the standing test.

Blood/Serum/Urine Marker
Median (25–75%)

p-Value *
ME/CFS (n = 42) Healthy Control (n = 11)

MCH (pg) 29.6 (28.5–30.38) 30.8 (29.75–31.45) 0.44
Lymphocytes (×109/L) 2.0 (1.48–2.23) 1.9 (1.5–2.6) 0.50
Serum Urea (mmol/L) 5.2 (3.9–5.75) 5.4 (4.65–6.35) 0.02

ALP (U/L) 78.5 (66.75–85.25) 60.0 (50.5–74.0) 0.17
Urinary Creatinine Excretion Rate

(mmol/24 h) 10.5 (8.03–10.88) 12.7 (12.12–15.3) <0.001

Activin B (pg/mL) 82.0 (71.26–104.86) 119.58 (89.49–167.37) 0.002

* Statistical significance p < 0.05. IQR (Inter-Quartile Range).

Table 6. Median and 25–75 IQR calculated from a combined class of healthy control and mild ME/CFS
cases (WST 0), moderate (WST 1) and severe (WST 2) symptoms correctly predicted by Random Forest
Analysis (RFA). ME/CFS was diagnosed via the International Consensus Criteria [12], and WST class
calculated from standing test results.

Blood/Serum/Urine Marker
Weighted Standing Time Median (25th–75th)

p-Value *
WST 0 (n = 23) WST 1 (n = 23) WST 2 (n = 12)

MCH (pg) 30.8 (29.8–31.5) 29.5 (28.6–30.3) 30.95 (30.2–32.25) (a) 0.006
(b) 0.811

Lymphocytes (×109/L) 1.9 (1.5–2.3) 1.9 (1.4–2.1) 2.5 (2.1–3.0) (a) 0.004
(b) 0.094

Serum Urea (mmol/L) 5.4 (4.6–6.4) 5.4 (3.9–5.9) 4.2 (3.83–4.58) (a) 0.012
(b) 0.010

ALP (U/L) 60.0 (52.0–74.0) 79.0 (67.0–86.0) 50.5 (34.75–72.5) (a) <0.001
(b) 0.840

Urinary Creatinine Excretion
Rate (mmol/24 h) 13.1 (12.12–15.6) 10.50 (7.5–11.4) 10.45 (9.7–11.23) (a) <0.001

(b) 0.001

Activin B (pg/mL) 130.36 (97.03–171.45) 81.48 (71.53–106.47) 93.86 (76.46–132.01) (a) 0.004
(b) 0.013

* p-value set at p < 0.05 (Bonferroni correction not required for Kruskal–Wallis tests). p-values (a) Kruskal Wallis test
(b) Jonckheere–Terpstra Test. IQR (Inter-Quartile Range).

The small sample sizes led to most markers having a significant overlap of ranges, and therefore
not producing distinctive reference intervals. There were some exceptions, namely, for ME/CFS urinary
creatinine excretion rate, a 25–75 IQR of 8.03–10.88 mmol/24 h (median—10.5), and 12.12–15.3 mmol/24 h
(median—12.7) for healthy controls (Table 5).

For the WST comparison (Table 6), 25–75 IQR overlap was not found between classes for activin B,
with separation of confidence intervals observed for MCH and urinary creatine excretion rate (between
class 0 and class 1, as well as classes 0 and 2). There was a marginal separation of 25–75 IQR observed
for serum urea classes 0 and 2. Using WST data for between class prediction and ROC analyses, the
correctly predicted cases (by RFA) for classes 0 and 1 (Figure 4) emphasised the powerful role of 24-h
urinary creatinine excretion rate as a potential diagnostic marker; it was the only marker analysed that
showed a clear differentiation between class 0 in comparison to class 1 25–75 IQR intervals (results
not shown).

The calculation of reference intervals specific to varying levels of ME/CFS severity, as quantitated
by WST, was achieved (Tables 5 and 6). With access to larger sample sizes, via large multi-centre
studies and/or databases, the capacity to develop novel diagnostic guidelines using pathology results
specific for ME/CFS, with and without activin B, will be possible.

Two multi-category, non-parametric statistical tests were used to assess significance for each
predictor variable, the Kruskal Wallis (KW) and Jonckheere–Terpstra (J-T) Tests (Table 6). The methods
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are different in how they estimate significance across three or more classes, with the J-T test designed
for investigations of ordered (ordinal) variables. While all variables were clearly significant (≤0.012)
by the KW test, only serum urea, 24-h urinary creatinine excretion rate and activin B demonstrated
significance for both tests, suggesting enhanced statistical robustness for these markers in terms of
variation across the three WST classes.

4. Discussion

As demonstrated previously by us [8,18] and others [26], the results of pathology testing are
not remarkable for ME/CFS patients, and often there are no statistically significant differences in the
pathology results for ME/CFS when compared to healthy control subjects, although a recent study
has identified the pathology test for creatine kinase (CK) as a significant marker to separate ME/CFS
from control samples [27]. These difficulties in detecting quantitative markers for ME/CFS diagnosis
have stimulated many investigations over the past 30 years, and with research consistently suggesting
immune system involvement or dysfunction [28], cytokine studies have featured prominently in these
attempts at biomarker development [1–7]. The search for a cytokine biomarker has been fraught with
frustration, for example, the promise of a TGF-β marker was stymied by the realisation that sample
preparation may explain serum concentration variation [7]. To this literature on putative ME/CFS
serum biomarkers, we added activin B, which is useful in isolation, but also as a ratio with activin A or
follistatin [8] and maintains statistical significance across WST classes [18].

The research presented here is a validation study on the potential of activin B as a reliable serum
marker for ME/CFS, which would be a major advance in this field in light of the history of biomarker
development. As reported, serum activin B showed statistical significance in separating ME/CFS
participants from healthy controls, and additionally, demonstrated a capacity to differentiate WST
classes in combination with select pathology markers. However, for this new research population,
the trend was reversed, with healthy control participants showing a significantly increased median
compared to the ME/CFS cohort. A cohort of existing CFS Discovery patients were recruited as
research participants for this study, and issues associated with small to medium samples sizes may
have contributed to these findings. The re-calibration of the activin B assay, due to sensitivity variation
across the range of detection, improved the accuracy of the assay at lower serum concentrations, thus
enhancing activin B detection capacity and broadening the reference interval range, which may explain
the differences in activin B results found for this study when compared to the previous results [8].

Exploratory random forest analysis (RFA) was performed on the same data, with subsequent
analyses focussed on WST data only (see Table 1b). The standard RFA of WST data (5000 trees per
analysis, four predictor variables tested per node) resulted in (OOB) error rates of 38.14%. Activin
B was also investigated as a member of a six-marker profile that included 24-h urinary creatinine
excretion rate, mean corpuscular haemoglobin (MCH), alkaline phosphatase (ALP), serum urea, and
total lymphocyte count. RFA, with or without activin B, showed an identical overall prediction error
rate (OOB), but with the addition of activin B to the marker profile, a reduction in WST 2 (severe) class
prediction error rate was identified, at the expense of an error rate increase for WST 0 (WST 1 error
rate remained stable). For this RFA, urinary creatinine, ALP and activin B were the top predictors of
WST class. The capacity of activin B to enhance discrimination between WST classes was also a feature
identified by RFA.

Single decision trees confirmed the primacy of 24-h urinary creatinine clearance as a ME/CFS
predictor, with a calculated decision threshold of 11.96 mmol/L separating class 0 (accuracy 83.3%)
from classes 1 and 2, while ALP separated classes 1 and 2 at 62.5 U/L (accuracies of 86.4% and 75%
respectively). Caution must be exercised when interpreting these results, since the final accuracy scores
were often calculated from ≤20 cases.

As an extension of RFA, the panel of six predictive markers was assessed by receiver operating
characteristic (ROC) curves to investigate the impact of test profile sensitivity and specificity (false
negative, false positive rates). Pairwise WST classes were analysed per ROC, both for the entire data
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set, and for the correctly predicted cases for each WST class (0, 1, 2). Activin B remained in the top
three in terms of predictor importance, with the model producing an AUC of 0.76 for all cases and an
AUC of 0.963 for models comprising only correctly predicted outcomes. The correctly predicted cases
from each WST class were subsequently used to calculate new reference intervals for each of the six
RFA predictors (Figure 2).

Due to the broad reference intervals calculated as medians and 25th–75th IQRs, distinct separation
between WST classes was not common, but did feature for 24-h urinary creatinine clearance and some
class comparisons for activin B. As stated earlier, larger participant cohorts are required for validation,
and the calculation of accurate reference intervals via the method presented here.

In tandem with research on ME/CFS immunology, pathology and cytokine biology, metabolomics
is yielding valuable insights into ME/CFS aetiology [29,30], which in turn crosses into mitochondrial
function [31]. New and sophisticated evidence of mitochondrial dysfunction in ME/CFS patients has
emerged recently from patients involved as research participants in this project, with blast lymphocytes
grown from blood samples collected at CFS Discovery and analysed via Seahorse technology [32].

Potential exists to meld metabolomics with immunity, and mTOR (mammalian targets of rapamycin
and TORC subunits), which has a role in amino acid transport and protein synthesis [33], may be
central to this link, particularly in the context of muscle growth [34,35]. Muscle pain and weakness
are often reported as leading ME/CFS symptoms [12,18]. TGF-β and activin proteins involve mTOR
interaction, including for natural killer (NK) cells [36], which are regularly noted as deficient in ME/CFS
patients [37], as well as for cartilage and bone biology [38]. Separating the specific biology of activin B
from the well-studied roles of activin A has shown insights in relation to SMAD signalling [10,39,40],
which will further illuminate activin B utility in the context of ME/CFS.

The centrality of NK cells to ME/CFS has been challenged recently by a comprehensive study
involving more than 300 total participants, which included healthy and fatigue controls, as well as
participants with varying levels of ME/CFS symptom severity [41]. NK cell numbers and function,
as reflected by subtype proportions or responsiveness post in vitro stimulation, were not different
between the control and ME/CFS cohorts. Instead, CD8+ T-cell proportions were altered, and mucosal
associated invariant T cells (MAIT) increased for ME/CFS.

Future investigations will present results from the interrogation of databases that contain activin,
pathology, mitochondrial and metabolomics results, and thereafter assist in the identification of
additional immune-metabolomic biomarker patterns. Such results will thereafter contribute to the
elucidation of disease mechanism via the unravelling of impaired metabolomic pathways, and
understanding of the subsequent impact on immune function, muscle physiology and neurophysiology
for ME/CFS patients.

In conclusion, activin B retained the capacity to separate ME/CFS cases from healthy controls
(Table 2), but as an inverse relationship compared to the situation reported previously [8], with healthy
controls having a higher median. The potential, therefore, to develop activin B as a general serum
marker of ME/CFS needs multi-centre studies with large participant cohorts. While the current project
recruited 97 participants, these were spread across the spectrum of good health to severe ME/CFS
symptoms, hence resulting in small to moderate samples sizes. RFA studies revealed the unexpected
role of activin B as a useful supporting marker for the discrimination of mild to moderate ME/CFS
symptoms, as reflected by WST class, while severe cases were more difficult to predict via multi-marker
RFA and the other methods developed to predict ME/CFS.
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Abstract: Post-exertional malaise (PEM) is a cardinal predictive symptom in the definition of Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS). If the cases overexert themselves they
have what is termed “payback” resulting in a worsening of symptoms or relapse which can last
for days, weeks or even months. The aim was to assess the changes in biochemistry associated
with the cases self-reported PEM scores over a 7-day period and the frequency of reporting over a
12-month period. Forty-seven ME/CFS cases and age/sex-matched controls had a clinical examination,
completed questionnaires; were subjected to standard serum biochemistry; had their serum and urine
metabolomes analyzed in an observational study. Thirty-five of the 46 ME/CFS cases reported PEM in
the last 7-days and these were allocated to the PEM group. The principal biochemical change related
to the 7-day severity of PEM was the fall in the purine metabolite, hypoxanthine. This decrease
correlated with alterations in the glucose:lactate ratio highly suggestive of a glycolytic anomaly.
Increased excretion of urine metabolites within the 7-day response period indicated a hypermetabolic
event was occurring. Increases in urine excretion of methylhistidine (muscle protein degradation),
mannitol (intestinal barrier deregulation) and acetate were noted with the hypermetabolic event.
These data indicate hypoacetylation was occurring, which may also be related to deregulation of
multiple cytoplasmic enzymes and DNA histone regulation. These findings suggest the primary
events associated with PEM were due to hypoacetylation and metabolite loss during the acute
PEM response.

Keywords: fatigue syndrome; chronic; exercise; hypoacetylation; methylhistidine; histone deacetylation

1. Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a medically unexplained
condition which occurs predominantly in females. It is characterized by persistent or relapsing fatigue
and altered responses to exercise and alterations in normal sleep structure. Post-exertional malaise
(PEM) is 10.4-fold more frequent in ME/CFS cases compared with controls [1]. However, very little is
known about the underlying pathophysiology of PEM.

ME/CFS females were reported to have biochemical changes consistent with the deregulation of
glycolysis and urea cycle activity [2], which were indicated by increases in the fasted first morning
serum metabolome glucose and falls in lactate and acetate. The deregulation of glycolysis at pyruvate
dehydrogenase (EC 1.2.4.1), has been confirmed by other researchers [3]. This deregulation of glycolysis
results in falls of acetate and activation of histone deacetylation [4,5] as well as deregulation of acetylation
of cytoplasmic and mitochondrial enzymes. Importantly, histone deacetylase 2 (HDAC2) was ~four
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fold higher and HDAC3 was ~two-fold higher, in ME/CFS cases compared with controls [6]. In further
support, a study of gene upregulation in ME/CFS cases, following an exercise test, revealed two histone
genes were upregulated [7]. Analysis of HDAC binding sites within the genes of that study revealed
that 19 of the 20 upregulated genes had binding sites for HDAC1 and HDAC2 but also members of
the SMAD transcription factor family that convey the signal from the transforming growth factor beta
(TGF-β) receptor, namely SMAD1, SMAD4, and SMAD5 [8,9] (Table S1). The Whistler et al. study [7] also
supports the hypothesis that acetylation changes may occur, when ME/CFS cases have PEM. Anomalies
in TGF-β have also been identified in some ME/CFS studies but not all [10,11]. However, none of these
were assessed against PEM activity. These data indicate that the change in glycolysis in ME/CFS cases
may be related to either or combined effects of at least: (1) histone deacetylation; (2) a chronic reduction in
acetate production via glycolysis; (3) deregulation of cytoplasmic and mitochondrial enzyme acetylation.

Reductions in the purine metabolite, hypoxanthine, were also found in the serum metabolomes
of the females in first morning fasted samples [2] and potentially indicated reductions in the ability
to produce ATP. During exercise, the release of hypoxanthine from muscle occurs as part of a
hypermetabolic event when the levels of mitochondrial/cytoplasmic ATP fall. The hypermetabolic
event relates to the release of metabolites from muscle associated with inhibition of protein synthesis
within muscle once exercise starts. This same event occurs in lymphocytes when glycolysis is
inhibited [12,13]. Whilst multiple immune issues have been detected in ME/CFS cases, the underlying
mechanism behind the changes have not been identified [14]. Activation of glycolysis and histone
acetylation are essential steps in immune activation [15], in particular T-cells and NK-cells [16].
An interesting study of lymphocytes showed that when the ATP levels fell after inhibition of glycolysis
and adenosine degradation products increased, the incorporation of leucine into protein was also
dramatically inhibited [12]. Thus, the ME/CFS case immune system issues may be a result of glycolytic
and acetylation dysregulation, resulting in a reduced ability to translate DNA into proteins and hence
protein synthesis. Evidence also indicates a switch toward utilization of branched-chain amino acids
as an energy source, especially during exhaustive events [17].

Acetate is associated with control of multiple enzymes within the cell [18], which could be critically
important in the biochemical changes in ME/CFS. A total of 1750 cellular proteins have been identified
to have the characteristics to bind acetate and alter the protein function, these include DNA replication
(52 proteins), DNA repair (72 proteins), cell cycle switching (132 proteins), nucleotide exchange factors
(55 proteins), and acetylation and deacetylation (21 proteins) [18]. The biochemistry of these acetate
regulated events may be secondary to the fall in acetate but are likely to have profound effects upon
cellular function in ME/CFS cases.

The objective of this paper was to assess PEM 7-day severity and 12-month frequency symptoms
scores and related biochemistry (blood and urine) in ME/CFS cases and controls. Associations of the
PEM scores were examined using standard serum biochemistry, a 24-hour urine assessment and a
blood and urine metabolome.

2. Methods

Forty-six cases with ME/CFS and 26 fatigue-free, age and sex-matched healthy individuals were
recruited. Obtaining age and sex-matched controls was undertaken by placing advertisements on
University billboards and selecting individuals of the same sex and age (±5 years) who were then
assessed using the same clinical examinations. The ME/CFS group comprised cases that were currently
symptomatic and diagnosed as having ME/CFS in accordance with the Canadian guidelines and its
exclusionary criteria [19]. A Depression Anxiety Stress assessment (DASS) [20] was used to assess
their psychiatric comorbidity. Only those ME/CFS subjects who complied with the criteria were
included in the study. All subjects were asked to list their drugs and oral supplements. None of the
participants were related to one another nor did they ever live together. All subjects signed consent
forms. This study was approved by the University of Melbourne human research ethics committee
(HREC# 0723086, 2010) and the first specimens were collected on 23 September 2010.

168



Diagnostics 2019, 9, 70

2.1. Clinical Measures

The subjects had a full clinical examination and were questioned about their illness, onset, and
family histories to determine whether they fulfilled criteria for the Canadian ME/CFS guidelines.
All subjects completed several questionnaires, including a large symptom questionnaire developed
for chronic pain research [21]. It asked subjects to score how severe a symptom was in the last seven
days (0–4 scalar response) and how frequently the symptom occurred over the last 12-month period
(0–4 scalar response), as previously published [22]. The 7-day severity and 12-month frequency
scores, designed to differentiate between acute and chronic responses, have been assessed against the
biochemistry and found to differentiate between an acute response and a chronic response [22]. These
questionnaires were checked for completeness by the reception staff and the medical clinician (DL).
The medical clinician questioned the subjects about their responses to ensure accuracy.

2.2. Biochemistry Assessments

The sample collection and processing has previously been published [2] and are provided here in
summary. Subjects had a phlebotomy for either standard serum biochemistry, which was performed
at a commercial (National Association of Testing Authorities (NATA) accredited) laboratory; or a
metabolome. A second urine sample was collected upon rising by each subject at their home and stored
at 4 ◦C. Within 6 h, a blood sample was taken by venipuncture into BD Vacutainer®blood collection
tubes (Beckton Dickinson, Mississauga, ON, Canada). All samples were stored at −80 ◦C prior to
performing an NMR analysis as previously described [2] using a liquid-liquid extraction technique [23],
data were acquired on an 800 MHz Bruker Avance II NMR spectrometer (Bruker, Billerica, MA, USA);
metabolites were identified and quantitated with the compound libraries in the Chenomx software
(v6.1, Chenomx, Edmonton, AB, Canada). Twenty-nine metabolites per blood serum sample and thirty
metabolites per urine sample were identified.

2.3. Data Analysis

The metabolome data were prepared as raw data (μM) and as relatively distributed data (%) by
dividing each metabolite concentration by the total concentration of metabolites quantified in each
sample. The parametric data prior to statistical analysis was assessed for normality and log converted
if not normally distributed. All percentage data were arcsine converted for analysis. The dataset was
evaluated using Statistica for Windows Ver. 12.0 (TIBCO Software, Palo Alto, CA, USA) using statistical
calculations, including t-tests and Pearson correlation coefficients, ANOVA and multivariate analysis.
The nonparametric data were assessed using Spearman rank correlations, Mann-Whitney U-tests or
Kruskal-Wallis ANOVA. Small sample frequency data were analyzed with Fisher exact Chi-square
analysis (χ2). Multiplicity (Bonferroni) correction was carried out on the data based upon the number
of variables assessed in each statistical test.

3. Results

3.1. Demographics

To examine the PEM biochemistry, we chose to divide the ME/CFS group on presence/absence of
significant PEM responses in the last 7 days (PEM, NoPEM meaning those without current symptoms,
Controls (C)). Table 1 shows the subject demographics for the ME/CFS cases divided on the basis of the
presence or absence of significant PEM and the control group. No differences were found for sudden
versus gradual onset or triggers at onset, such as infections (significance p < 0.01). Table 1 also shows
the ME/CFS-defined symptom clusters across the three groups (control, ME/CFS: NoPEM, PEM). Apart
from the PEM scores, there were no differences in symptom profiles between the NoPEM and PEM
groups. Both groups presented higher scores compared with controls.
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Table 1. Subject demographics, post-exertional malaise (PEM) scores within the ME/CFS cases divided
on the basis of PEM 7-day severity scores compared with controls. The symptom scores are given as
the median and the 10–90% percentile distribution.

Control ME/CFS NoPEM ME/CFS PEM

Number 25 11 35
Age 33.6 ± 7.8 * 30.9 ± 9.6 42.1 ± 16.3

%Females 96% 100% 80%
Duration (years) - 8.7 ± 5.4 12.1 ± 9.7

Age at Onset - 22.8 ± 6.8 30 ± 13.9
Systolic BP - 116 ± 12 129 ± 17
Diastolic BP - 79 ± 7 83 ± 9

Pulse rate - 78 ± 11 73 ± 13
BMI x ± SD 23.1 ± 2.6 22.7 ± 3.6 24.9 ± 6.1

DASS Depression 0 11.2 ± 10.7 11.1 ± 11.1
DASS Anxiety 0.5 ± 0.6 13.3 ± 8.3 9.8 ± 7.8
DASS Stress 3.5 ± 3.6 * 20.7 ± 9.4 * 12.9 ± 8.7

PEM 7D 0.1 ± 0.4 ** 1.3 ± 0.65 ** 3.7 ± 0.5 **,‡
12F 0.1 ± 0.4 ** 2.8 ± 1.2 ** 3.5 ± 0.6 **,†

Fatigue 7D 0.7 ± 0.8 ** 3.2 ± 0.9 ** 3.7 ± 0.6 **
12F 1.1 ± 0.8 ** 3.8 ± 0.6 ** 3.8 ± 0.4 **

Sleep Disturbance 7D 1.6 ± 2.6 ** 10.9 ± 2.5 ** 10.5 ± 3.2 **
12F 2.6 ± 2.3 ** 12.3 ± 2.7 ** 11.1 ± 2.8 **

Cognition scores 7D 2.3 ± 2.9 ** 16.1 ± 5.8 ** 17.3 ± 6.5 **
12F 3.6 ± 3.7 ** 18.8 ± 5.6 ** 18.3 ± 5.9 **

Body Pain 7D 1.3 ± 1.3 ** 6.3 ± 2.1 ** 6.3 ± 2.2 **
Distribution 12F 2.6 ± 1.3 ** 7.1 ± 1.5 ** 6.9 ± 2.1 **

Statistical methods: ANOVA and post-hoc Tukey Honest Significance (THS) analysis. Multiplicity (Bonferroni)
correction: Data only included if one measure reached p < 0.01. PEM = PEM group. NoPEM = those with
very low or absent PEM scores. BMI = body mass index, 7D = 7-Day severity score, 12F = 12-month frequency
score. In control column * = p < 0.01 or ** = p < 0.001 for the ANOVA. In the ME/CFS NoPEM or PEM columns
* = p < 0.01 or ** = p < 0.001 for post hoc analysis vs. controls. In the ME/CFS NoPEM or PEM columns
† = p < 0.01 or ‡ = p < 0.001 for post hoc analysis of NoPEM vs. PEM.

3.2. Biochemistry

Table 2 shows a summary of the statistically significant metabolome measures between the
groups. The ME/CFS groups had significant reductions in serum hypoxanthine (NoPEM 4.4-fold
lower, PEM 2.4-fold lower versus controls), serum lactate (NoPEM 1.9-fold lower, PEM 1.6-fold lower
versus controls), phenylalanine (Both NoPEM and PEM 1.3-fold lower versus controls). Glucose
was increased in the ME/CFS cases (both NoPEM and PEM 1.2-fold higher versus controls). In the
urine the fall in acetate was greatest (NoPEM 2.5-fold lower, PEM 1.5-fold lower versus controls) and
this was statistically different between the NoPEM and PEM subgroups (p < 0.01). The excretion of
methylhistidine was higher in the PEM subgroup (1.6 fold) and control (1.3 fold) groups, respectively,
compared with the NoPEM subgroup. In the fecal metabolome, the % butyrate was increased in the
NoPEM group compared with both the PEM and control groups. (Figure S1 shows the group canonical
plots of separations using different analyses).

Table 3 is a summary of the correlation analysis of the PEM scores across the whole group and
within the ME/CFS group. In the whole group analysis, the 7-day severity PEM score and 12-month
frequency PEM scores were positively correlated with serum glucose and negatively correlated with
hypoxanthine, phenylalanine, lactate and threonine. No significant correlates were noted within the

170



Diagnostics 2019, 9, 70

ME/CFS group. The absolute urine levels showed a significant correlation between the 7-day PEM score
along with mannitol, serine, acetate, methylhistidine and glucose. The 12-month frequency of PEM
correlated with a fall in acetate alone. The urine percentage data showed falls in urea, pyruvate and
acetate with both the 7-day severity and 12-month frequency scores. The only fecal component to reach
statistical significance was the percentage uracil. These data show a significant renal concentrating
issue is occurring in the ME/CFS group during a PEM event and this was principally related to falls
in urea and acetate. To check this, we calculated the serum to urine ratios of multiple metabolites.
The 7-day severity of PEM correlated with the following ratios: serum acetate:urine acetate ratio
(r = −0.44, p < 0.002), serum tyrosine:urine tyrosine ratio (r = −0.40, p < 0.006), serum serine:urine
serine ratio (r = −0.39, p < 0.008), serum creatine:urine creatine ratio (r = −0.38, p < 0.009), and the
serum leucine:urine leucine ratio (r = −0.37, p < 0.01). Thus, the 7-day severity of PEM was associated
with an increased urinary excretion of metabolites within the ME/CFS group and this was associated
with a reduction in multiple serum metabolites including the important protein synthesis regulating
amino acid, leucine.

Table 2. Summary of ANOVA assessment of the changes in the serum, urine and fecal metabolomes.

Serum Control Mean (SD) ME/CFS NoPEM Mean (SD) ME/CFS PEM Mean (SD)

Hypoxanthine (μM) 15.7 ± 12.2 ** 3.6 ± 1.4 ** 6.6 ± 8.2 **
Lactate (μM) 637 ± 335 ** 339 ± 68 * 399 ± 240 **

Phenylalanine (μM) 18.4 ± 3.1 ** 15.5 ± 2.2 15.1 ± 3.5 **
Glucose (μM) 971 ± 233 * 1266 ± 249 * 1189 ± 318 *

Hypoxanthine % 0.55 ± 0.39 ** 0.14 ± 0.05 ** 0.24 ± 0.25 **
Lactate % 22.7 ± 10.5 ** 12.9 ± 2.0 * 14.7 ± 6.5 **

Phenylalanine % 0.68 ± 0.09 ** 0.60 ± 0.10 0.58 ± 0.10 **
Glucose % 36.2 ± 9.5 ** 48.1 ± 5.3 ** 45.4 ± 7.5 **

Urine

Acetate (μM) 91.9 ± 60.3 ** 37.0 ± 14.9 ** 63.3 ± 31.8 †
Formate (μM) 81.1 ± 56.1 * 27.1 ± 15.2 ** 43.0 ± 30.3 *

Urea (μM) 7969 ± 3050 * 4868 ± 2678 ** 5821 ± 2425
Mannitol (μM) 312 ± 198 * 96 ± 57 ** 258 ± 344 *

Serine (μM) 383 ± 198 * 178 ± 108 ** 313 ± 193
Pyruvate (μM) 22.2 ± 10.7 * 11.3 ± 6.4 ** 18.4 ± 12.6

Hippurate (μM) 632 ± 424 * 297 ± 253 * 666 ± 612
Methylhistidine (μM) 278 ± 192 * 230 ± 418 * 358 ± 373 †

Pyruvate % 0.36 ± 0.08 ** 0.26 ± 0.11 * 0.27 ± 0.09 **
Urea % 4.7 ± 3.4 ** 3.8 ± 5.3 5.6 ± 5.1 **

Serine % 6.1 ± 1.6 * 4.2 ± 0.9 * 4.8 ± 1.9 *
Creatinine % 19.7 ± 10.3 * 33.4 ± 9.2 * 25.7 ± 11.5

Acetate % 1.53 ± 0.67 * 0.94 ± 0.26 * 1.08 ± 0.61 *
Allantoin % 0.53 ± 0.28 * 0.96 ± 0.33 * 0.78 ± 0.53

Tryptophan % 0.49 ± 0.16 * 0.49 ± 0.35 0.36 ± 0.10 *

Fecal

Butyrate % 9.8 ± 3.5 * 15.2 ± 4.5 * 11.3 ± 4.4 †

Ratios

Serum Glucose: Lactate 2.2 ± 1.4 ** 3.8 ± 0.7 ** 3.6 ± 1.4 **
Urine Glucose: Lactate 5.2 ± 2.3 * 7.8 ± 4.7 * 6.2 ± 1.8
Serum Glucose: Acetate 96.4 ± 53.6 ** 150.6 ± 45.8 * 155.2 ± 72.0 **
Urine Glucose: Acetate 1.37 ± 0.61 * 1.91 ± 0.52 * 1.78 ± 0.70

Serum Acetate: Urine Acetate 0.16 ± 0.09 * 0.30 ± 0.18 * 0.18 ± 0.09 †
Statistical method: ANOVA, multiplicity correction p < 0.01. In control column * = p < 0.01 or ** = p < 0.001 for the ANOVA.
In the ME/CFS NoPEM or PEM columns * = p < 0.01 or ** = p < 0.001 for post hoc analysis vs. controls. In the ME/CFS
NoPEM or PEM columns † = p < 0.01 for post hoc analysis of NoPEM vs. PEM.
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Table 3. PEM 7-day severity and 12-month frequency score correlate with biochemistry in the Serum
urine and fecal metabolomes.

Serum
7-Day PEM All

Subjects
7-Day PEM

ME/CFS Subjects
12-Month PEM

All Subjects
12-Month PEM

ME/CFS Subjects

Phenylalanine −0.40 ** −0.11 −0.42 ** −0.08

Hypoxanthine −0.35 * +0.25 −0.43 ** +0.21

Lactate −0.33 * +0.13 −0.37 * +0.18

Threonine −0.31 * −0.13 −0.25 +0.07

Glucose +0.31 * −0.09 +0.38 ** +0.02

Urine

Total Metabolite +0.10 +0.38 * −0.02 +0.18

Mannitol −0.01 +0.43 * −0.15 +0.20

Serine −0.07 +0.42 * −0.22 +0.17

Acetate −0.18 +0.41 * −0.32 * +0.21

p-Methylhistidine +0.08 +0.40 * −0.14 −0.02

Glucose +0.02 +0.37 * −0.09 +0.23

Urine %

Urea% −0.42 ** −0.24 −0.37 ** −0.04

Pyruvate% −0.35 * +0.06 −0.37 ** 0.13

Tryptophan% −0.32 * −0.28 −0.20 0.06

Malonate% −0.32 * −0.37 * −0.18 0.05

Acetate% −0.30 * +0.06 −0.35 * −0.01

Fecal %

Uracil +0.04 +0.46 ** −0.09 0.27

Statistical method: Spearman Rank correlation. Multiplicity correction p < 0.01, * = p < 0.01 or ** = p < 0.001.

The serum glucose:lactate ratio is very similar to the changes in the urine glucose:lactate ratio,
which is consistent with the change seen in the serum acetate: urine acetate ratio. This suggests that
the serum and urine changes are very similar. Thus, the available acetate in serum appears to be
significantly reduced and is lowest in the NoPEM cases.

3.3. Purine Metabolism Changes

As serum hypoxanthine was the prime predictive variable for alterations in the PEM scores,
we assessed the relationships between serum Hypoxanthine and the purine related metabolites (Table 4).
Serum and urine hypoxanthines were lower in the PEM subgroups versus the controls. Whilst there
was no difference in the serum urate levels, the marker of purine degradation in the liver, the serum
hypoxanthine: urate ratio was lower in the ME/CFS group. The ratio in the NoPEM subgroup was
5.4-fold lower whilst in the PEM group the ratio was 3.5-fold lower. The hypoxanthine:urate ratio
was negatively correlated with serum glucose (r = −0.48, p < 0.001) and positively correlated with
serum lactate (r = 0.77, p < 0.001), the purine ring precursor amino acids (r = 0.54, p < 0.001), acetate
(r = 0.49, p < 0.001), and the total serum amino acids (r = 0.38, p < 0.006). The correlation between
serum hypoxanthine and the purine ring precursors, indicative of purine synthesis, was not different
between the ME/CFS cases and the controls (ME/CFS r = 0.66, p < 0.001, control r = 0.61, p < 0.001).
However, the ratio was significantly lower in the ME/CFS group (Table 4 and Figure S2) and the purine
ring precursor amino acids correlated positively with serum acetate (r = 0.52, p < 0.001). Thus, the
synthesis and possibly the salvage of hypoxanthine were reduced whilst purine degradation was in
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the normal range. The levels of hypoxanthine in the serum were associated with the availability of the
purine ring precursors, the glucose: lactate ratio and acetate. This suggests that acetylation is a major
factor in the change in the purine metabolism deregulation in ME/CFS. Thus, the increase in urine
metabolite loss during exercise events in ME/CFS cases results in a loss of purine ring precursors and a
fall in acetate and hypoxanthine.

Table 4. Assessment of Purine metabolite changes in serum and urine in the PEM, NoPEM and
control subjects.

Metabolite Control NoPEM PEM

Serum Hypoxanthine 15.7 ± 12.2 ** 3.6 ± 1.4 ** 6.6 ± 8.2 **
% Serum Hypoxanthine 0.55 ± 0.39% ** 0.14 ± 0.05% ** 0.24 ± 0.25% **

Urine Hypoxanthine 14.9 ± 6.7 * 7.6 ± 4.0* 14.3 ± 11.3
%Urine Hypoxanthine 0.26 ± 0.13% * 0.17 ± 0.04% 0.21 ± 0.10%

Urine Allantoin 32.8 ± 19.0 36.0 ± 13.5 43.7 ± 25.1
% Urine Allantoin 0.53 ± 0.28% * 0.96 ± 0.33% * 0.78 ± 0.53%

Serum Urate 0.28 ± 0.03 0.28 ± 0.06 0.29 ± 0.09
Serum Purine Ring Precursors 138.6 ± 32.8 117.9 ± 23.9 130.2 ± 29.8

Ratios

Serum Hypoxanthine: Urine Hypoxanthine 1.3 ± 1.6 0.7 ± 0.6 0.9 ± 1.4
Serum Hypoxanthine: Urate 74.2 ± 65.3 ** 13.6 ± 6.2 ** 21.6 ± 26.3 **

Serum Hypoxanthine: Urine Allantoin 0.75 ± 1.26 0.11 ± 0.05 0.34 ± 0.09
Urine Allantoin: Serum Urate 135.5 ± 71.7 134.2 ± 57.1 162.5 ± 96.2

Statistical method: ANOVA. In control column * = p < 0.05 or ** = p < 0.001 for the ANOVA. In the ME/CFS NoPEM or PEM
columns * = p < 0.05 or ** = p < 0.001 for post hoc analysis vs. controls.

4. Discussion

This paper has identified that the post-exertional malaise experienced by an Australian Anglo-Celtic
cohort of ME/CFS cases is associated with a deregulation of purine metabolism and low acetate levels.
This deregulation of purine metabolism is associated with a change in glycolytic activity and a switch
to urea cycle creatine phosphate energy usage [2]. This has the effect of reducing the availability of
acetate and upregulating histone deacetylase activity [4]. A four- and two-fold increase in HDAC2
and HDAC3, respectively, have been confirmed in ME/CFS cases [6] and a very high level of HDAC1
and HDAC2 binding sites occur within the genes upregulated in ME/CFS cases following exercise
(see Table S1) [7]. The enzyme hypoxanthine phosphoribosyltransferase (EC 2.4.2.8) is an important
enzyme in the salvage of the purines, adenosine and guanine [24]. Its gene (HPRT1) is on the X
chromosome and has an unusual regulatory issue. Acetylation and methylation of one X chromosome
silence its activity in females, which results in a single X chromosome being active for transcription,
as in males [25,26]. This potentially poses a significant issue if there is a loss of silencing of the second
X chromosome. This study has too few males to properly assess this potential issue. Deregulation of X
chromosome silencing may be related to the fall in hypoxanthine salvage and the more severe illness
in females compared with males [1]. Studies are warranted to investigate this interesting possibility.

There is increased urine excretion of metabolites associated with the 7-day PEM scores, in-particular,
mannitol, methylhistidine, acetate, and glucose. This increased metabolite excretion correlates with the
ME/CFS case reported 7-day severity of PEM symptoms. Relative abundance assessment shows that
the efflux of metabolites is associated with reductions in urine urea, pyruvate and acetate suggesting an
energy and renal concentrating issue, possibly associated with hypoacetylation, is most likely occurring
at the time of the metabolite loss. In diabetic nephropathy, the renal tubular cells upregulate glycolysis
and lactate production [27]. This may also be the case in this study as the excretion of glucose (r = +0.37,
p < 0.01) and acetate (r = +0.41, p < 0.01) were positively correlated with the 7-day PEM severity.
Importantly, acetate was negatively correlated with the 12-month frequency of PEM events (r = −0.32,
p < 0.01). This change in renal acetate retention is also supported by the negative correlation between
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the 7-day PEM score and the serum acetate:urine acetate ratio (r = −0.44, p < 0.002). Thus, the greater
the frequency of PEM events the greater the loss of acetate. Renal glomerular podocytes are damaged
by increases in blood glucose in diabetic patients and this has been linked to deacetylation of Nephrin
and microRNA activity [28]. In this study, the reduction in serum acetate levels appears to result in a
conditional renal hypoacetylation event which will allow increased metabolite loss from the kidney.
Renal changes in diabetes nephropathy are also associated with down-regulation of bone morphogenic
protein (BMP) receptor function and TGF-β mediated transcription factor production and supply
of BMP-7 restores function [29,30]. Whilst the renal changes are very similar to the renal changes
seen in central diabetes insipidus, protein-calorie restriction and infection/inflammatory mediated
events, no subjects had diabetes insipidus or were protein calorie restricted, and all had average BMI’s.
These renal changes provide additional support for either an inflammatory origin or a possibly an
energy/acetylation or even a transcription factor problem. Importantly, multiple studies have found
that the level of serum cytokines are not significantly different between ME/CFS and controls and do
not correlate with symptom expression [31]. Therefore, studies to assess the activities of HDAC and
BMP transcription factors in MEC/CFS cases are warranted.

The change in renal metabolite loss is associated with increased mannitol excretion, which suggests
a gastrointestinal barrier issue may also be occurring. NoPEM ME/CFS cases had a 3.2-fold lower
urinary mannitol, not unlike that seen in multiple sclerosis patients [32]. However, the level of urinary
mannitol increased with the 7-day PEM scores (r = +0.38, p < 0.01). This increase in mannitol indicates a
potential intestinal barrier change, which is consistent with the finding of bacteremia following exercise
in ME/CFS cases [33]. The presence of bacteremia is supported by the correlation between fecal uracil
and the 7-day PEM score (r = +0.46, p < 0.001). The increase in fecal uracil was also correlated with the
serum hypoxanthine level in the PEM group (r = +0.39, p < 0.03) showing that they rose together as
part of the PEM-associated hypermetabolic event. Uracil is a breakdown product of RNA but may also
be of bacterial origin. Whether this indicates a breakdown in enterocytes or an alteration in the fecal
flora or their metabotoxins/toxins is not known. Further investigation of these changes is warranted.

A 1.6-fold increase in urinary excretion of methylhistidine within the PEM subgroup was
also seen compared with the NoPEM subgroup. Methylhistidine is a breakdown product of
muscle contractile proteins, following a short term bout of resistance exercise [34]. Muscle protein
synthesis is controlled by the available leucine and phenylalanine [35] and by BMP protein receptor
activity [36]. In this study urinary methylhistidine positively correlated with urinary creatine (r = +0.63,
p < 0.001), leucine (r = +0.59, p < 0.001), phenylalanine (r = +0.40, p < 0.001) and acetate (r = +0.47,
p < 0.001) across all groups. A reduction in available acetate during exercise is associated with a
reduction in phosphocreatine degradation and hence is associated with increased phosphocreatine and
mitochondrial energy provision [37], which is consistent with the glycolysis/urea cycle energy switch
identified in this ME/CFS cohort [2]. Interestingly, 3-methylhistidine in the nonacetylated form is
excreted in greater amounts when rats are exposed to bacterial lipopolysaccharides [38]. It is likely that
the increased 3-methylhistidine excretion observed during the 7-day PEM response is the result of the
reduced energy provision and the fall in amino acids, which may be acetylation mediated. However,
the response could also be exacerbated by the gastrointestinal barrier anomalies suggested by the
increased bacteremia identified in ME/CFS cases [33]. Alternatively, an anomaly in BMP regulation
may also be involved in the increased 3-methylhistidine excretion. Thus, a combination of at least
three different events may contribute to the increased 3-methylhistidine excretion and this may be
reflected in different genetic susceptibilities within different subjects.

The findings that the PEM is associated with a loss of metabolites, reduction in acetylation,
deregulation of purine metabolism, increased contractile protein breakdown and bacteremia associated
with exercise suggest that treatments such as graded exercise may be more detrimental than beneficial as
claimed in some studies [39,40]. Until such time as these biological changes can be further investigated,
the use of graded exercise as a therapy for those with severe forms of ME/CFS should be considered
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potentially harmful. In support of this, the use of graded exercise therapy has caused significant protest
by ME/CFS sufferers as they see it as harmful [41,42].

This study was designed to investigate metabolic changes in ME/CFS subjects using a discovery
hypothesis and not a specific hypothesis-driven method to assess specific biochemical events. This study
with these limitations has resulted in the development of a hypothesis which now requires to be assessed
by a typical hypothesis-driven process. Whilst the study size is small it reproduced the earlier findings
but should be reproduced with a larger sample or multi-centers to reconfirm the findings. The use of
self-reported symptoms may introduce a recall bias within the subjects and in a larger study, each of
the variables found to be associated with the symptom severity and distribution need to be evaluated
by other methods. Studies investigating acetylation and its related DNA transcription changes and
the alteration in cytosol enzyme activity should allow the development of the understanding of the
mechanisms of PEM development and the development of appropriate therapies based upon the
underlying biochemistry.

5. Conclusions

This study revealed that post-exertional malaise is associated with changes in glycolysis and
acetylation in ME/CFS cases. These changes are consistent with a hypoacetylation state and are likely
to significantly alter histone acetylation and the actions of acetylation and deacetylation in controlling
cellular enzymatic events. Well-designed studies evaluating these important factors are warranted.
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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating
noncommunicable disease brandishing an enormous worldwide disease burden with some evidence
of inherited genetic risk. Absence of measurable changes in patients’ standard blood work has
necessitated ad hoc symptom-driven therapies and a dearth of mechanistic hypotheses regarding
its etiology and possible cure. A new hypothesis, the indolamine-2,3-dioxygenase (IDO) metabolic
trap, was developed and formulated as a mathematical model. The historical occurrence of ME/CFS
outbreaks is a singular feature of the disease and implies that any predisposing genetic mutation must
be common. A database search for common damaging mutations in human enzymes produces 208
hits, including IDO2 with four such mutations. Non-functional IDO2, combined with well-established
substrate inhibition of IDO1 and kinetic asymmetry of the large neutral amino acid transporter,
LAT1, yielded a mathematical model of tryptophan metabolism that displays both physiological and
pathological steady-states. Escape from the pathological one requires an exogenous perturbation. This
model also identifies a critical point in cytosolic tryptophan abundance beyond which descent into
the pathological steady-state is inevitable. If, however, means can be discovered to return cytosolic
tryptophan below the critical point, return to the normal physiological steady-state is assured. Testing
this hypothesis for any cell type requires only labelled tryptophan, a means to measure cytosolic
tryptophan and kynurenine, and the standard tools of tracer kinetics.

Keywords: tryptophan metabolism; indoleamine-2,3-dioxygenase; bistability; kynurenine pathway;
substrate inhibition; myalgic encephalomyelitis; chronic fatigue syndrome; mathematical model;
critical point

1. Introduction

Diagnostic measurements for a given disease are most definitive, most specific, and most useful
when the measurements are closely related to the molecular basis of the disease. Compare, for
example, the ancient diagnosis of diabetes based on excessive urine output versus a diagnosis
based on the measurement of plasma glucose and plasma insulin. For a disease like myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS), whose mechanistic basis is unknown, a specific
diagnostic is difficult to identify. Medicine thus resorts to complex pattern recognition in lists of
symptoms [1,2], statistical principal component analysis [3–6], advanced physical measurements of yet
unproven specificity [7], and even, when just a few thousand critical cells are dysfunctional and standard
blood measurements are therefore unremarkable, the unhelpful assertion that patient is “not ill”. Here,
we aim to advance the search for underlying mechanisms by proposing a new class of theoretical
models for ME/CFS and demonstrating that one specific member of that class, the IDO metabolic trap,
can reproduce important features of the disease and promises to be experimentally testable.
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The idea of a metabolic trap arises from the well-established concept of bistability in nonlinear
systems. A system, such as a metabolic pathway, is said to be nonlinear if a doubling of its input
does not yield a doubling of its output. Saturation of enzymatic catalysis, characterized by the
classic Michaelis-Menten equation, is one source of biological nonlinearity. A more important source
of biological nonlinearity is feedback control whether it be transcriptional regulation, allosteric
control mediated by binding of a specific metabolite, post-translational modification mediated by, for
example, a kinase, or physiological regulation mediated by hormones, cytokines, and their receptors.
Importantly, some nonlinear systems, unlike all linear systems, can settle into multiple different
steady-states, depending on external conditions or perturbations. This is called bistability. If one of
those steady-states is pathological, we refer to it as a metabolic trap because organisms are vulnerable
to external perturbations that precipitate a shift from normal physiology to pathophysiology, a shift
that is not easily reversed. If we now turn to the specific case—the IDO metabolic trap developed
here—we find that this new theoretical model rests on three ideas: (1) the potential importance of
common damaging mutations, (2) a possibly detrimental aspect of the phenomenon in enzyme kinetics
known as substrate inhibition, and (3) the bistable metabolic system that can result.

Genetics must hold clues to ME/CFS because, like other chronic diseases, there is evidence that
this disease can run in families, but it is clearly not a disease one has at birth. Rather, there appears to
be a genetic propensity that lies hidden until a particular collection of triggering circumstances arises
in the patient’s microbial, dietary, micronutrient, physiological, emotional or physical environment.
One clue that distinguishes ME/CFS from most other chronic diseases is its long history epidemics,
outbreaks or clusters [8]. Historically, it has been assumed that the effect of common genetic variations
on phenotype is small [9]. Outbreaks or epidemics of a noncontagious disease raise the possibility
that genetic predisposition to ME/CFS is very common in the population and that the disease has low
penetrance only because the initiating triggers are multifactorial, and those pathogenic combinations of
triggers are, themselves, rare. Outbreaks are then explained by a geographically localized combination
of factors superimposed on a genetic predisposition that is common in the population. Thus, it is
the existence of ME/CFS outbreaks that pointed to the potential importance of common damaging
mutations. This inference from the existence of outbreaks does not limit the model to patients who
became sick as part of an outbreak.

A second foundational idea for the IDO metabolic trap model is the phenomenon of substrate
inhibition. In contrast to the widely understood Michaelis-Menten kinetics, there are enzymes for which
velocity decreases, rather than saturates, at substrate concentrations 3- to 10-fold above the substrate’s
KM. This unusual behavior has been a part of the enzyme kinetics literature for decades [10–12]. One
of the giants of enzyme kinetics, W.W. Cleland, took the position that substrate inhibition was almost
always a nonphysiological phenomenon [13]. What he meant by “nonphysiological” was that the
phenomenon was most often observed when reactions were run opposite the physiological direction
with the normal intracellular products as substrates, and thus were examples of product inhibition.
Subsequent experience has shown that at least 80 enzymes demonstrate this behavior [10,14]. A recent
review [14] describes several desirable consequences of substrate inhibition such as stabilization of
product formation in the context of large swings in the substrate (tyrosine hydroxylase), and allosteric
regulation (phosphofructokinase). Nevertheless, tryptophan inhibition of the particular enzyme,
human indoleamine-2,3-dioxygenase 1 (IDO1), that is central to the model presented here, has been
demonstrated in multiple laboratories over multiple decades [15–18] running in the physiological
direction with tryptophan and oxygen as substrates and n-formyl-L-kynurenine as a product. While
the phenomenon of IDO1 substrate inhibition is well-established, its mechanism remains a matter of
scientific debate [17–19]. The model presented here explores the possibility that substrate inhibition of
IDO1 has a dark side and may be involved in the pathogenesis of ME/CFS.

A third concept, bistability as a feature of some enzymatic systems, has been studied extensively.
Even 40 years ago an itemization of biological oscillators included hundreds of published papers [20].
Later, an oxidase in vitro was shown to exhibit all three of the major dynamic features of nonlinear
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systems: bistability, limit cycle oscillations, and chaos [21]. And in recent years, bistability in metabolism
is enjoying a resurgence of research interest [22–24]. While the IDO metabolic trap model is focused on
metabolic bistability, other research in ME/CFS has sought bistability at cell biological and physiological
levels of organization [25,26]. Some ME/CFS patients experience the onset of the disease as a switch
being thrown, and researchers with backgrounds in nonlinear system theory are therefore drawn to
theories that involve bistability [27].

This paper is largely theoretical. Its aim is to formulate an internally consistent hypothetical
mechanistic model of the etiology of ME/CFS and to propose an experiment capable of rejecting
or corroborating this model. The IDO metabolic trap model represents a new way to think about
ME/CFS. It is based (1) on the existence of common damaging mutations in human IDO2, (2) on the
well-studied kinetic characteristics of IDO2 and IDO1 including substrate inhibition of IDO1, and
(3) on the demonstrable bistability that results when these enzymes are expressed in cells that rely on
the large neutral amino acid transporter, LAT1, to import tryptophan, which is their carbon-containing
substrate. The model has considerable explanatory power because of the cell types expressing these
enzymes, and a relatively straightforward experimental test based on tracer kinetics is proposed. If the
IDO metabolic trap is found to be a feature of ME/CFS immune cells, a strong basis for the development
of a specific ME/CFS diagnostic will have been discovered.

2. Materials and Methods

Public databases: Starting from the inference that predisposing damaging mutations must be
common in order to account for the existence of ME/CFS outbreaks, a search of public (NCBI dbSNP) [28]
and purpose-built ME/CFS (see Acknowledgments) databases for common damaging mutations in
genes coding for proteins, particularly enzymes and transporters, involved in energy metabolism was
undertaken. Results were displayed in standard genome browsers, IGV [29] and UCSC [30]. Allele
frequencies for alternate alleles were obtained from dBSNP [28] and large-scale genome sequencing
projects cited therein. Damaging mutations were identified based on standard prediction algorithms,
PROVEAN [31], SIFT [32], and PolyPhen-2 [33] as well as published reports [34].

Bioinformatics: To generate a table of genes that are damaged in at least 85% of the severely
ill ME/CFS patients, we first filtered all the variants found in the OMF END ME/CFS dataset (see
Acknowledgments) considering only mutations that were not excluded by six standard criteria. (1) Indel
genotypes from two or more loci conflict in at least one sample. (2) The site contains an overlapping
indel call filter. (3) Locus GQX is less than 15 or not present. (4) The fraction of base calls filtered out at a
site is greater than 0.4. (5) The sample SNV strand bias value exceeds 10. (6) The locus depth is greater
than 3× the mean chromosome depth. Mutations were deemed damaging if the mutation received a
score less than or equal to −1.82 by PROVEAN, less than or equal to 0.05 by SIFT, and greater than or
equal to 0.95 by PolyPhen-2. Mutations were then grouped by gene, and a table was compiled of (82)
genes such that at least 85% of the SIPS patients have one or more damaging mutations in that gene.

A second table containing all enzymes and transferases/transporters (208 total) damaged by
common mutations (AF > 0.03) was generated by joining all the filtered non-synonymous mutations
considered damaging by the above definition with the data extracted by BRENDA [35], KEGG [36],
and TCDB [37].

Mechanistic kinetic modeling: Nonlinear kinetic models were formulated in the ProcessDB
software (Integrative Bioinformatics, Inc, Mountain View, CA, USA) [38]. ProcessDB implements the
CVODE algorithm [39] for a numerical solution of the differential equations. Steady-state solutions
were graphed in the Origin 2019 software (OriginLab Corp., Northampton, MA, USA). Full equations
and parameter values are provided in the text and can be implemented in any general-purpose
differential equation solver. Parameters and some rate laws were obtained from expert reports on the
recombinant human enzymes, IDO1 and IDO2 [17,18,40,41].
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3. Results

Examination of the two tables of candidate genes described in Bioinformatics Methods revealed
common mutations in 208 enzymes and transporters. Of these, eight had more than one common
damaging mutation. Reasoning that multiple common damaging mutations would increase the
probability of a damaged protein product, we turned our initial attention to this subset.

3.1. Common Mutations in IDO2

Given the hypometabolic phenotype of ME/CFS, our search for common damaging mutations
began with genes coding for enzymes involved in energy metabolism. Of the eight enzymes with
multiple common damaging mutations (allele frequency > 0.03) IDO2 stood out because it has four
such mutations and because it is one of the enzymes catalyzing the first step in the kynurenine
pathway. Classically, the kynurenine pathway is considered the “de novo” pathway for the synthesis of
nicotinamide adenine dinucleotide (NAD+), a molecule essential for transferring reducing equivalents
from central carbon metabolism to the mitochondrial electron transport chain and thus powering
oxidative phosphorylation. Table 1 lists both the common and rare mutations in IDO2 that are
considered damaging by the PROVEAN, SIFT, and PolyPhen-2 prediction algorithms.

Table 1. Common and rare mutations in IDO2 identified as damaging 3.

Row Label R248W Y359STOP I140V S252T N257K

dbSNP ID rs10109853 rs4503083 rs4736794 rs35212142 rs774492001
Allele ref > alt C > T T > A A > G T > A C > G

exon 9 11 5 9 10
Min pop AF 1 0.418 0.220 0.0746 0.0100 0.000017
Max pop AF 2 0.487 0.230 0.160 0.0390 0.000020

SIFT damaging nonsense damaging damaging damaging
PROVEAN deleterious nonsense neutral deleterious deleterious
POLYPHEN probably damaging nonsense possibly damaging probably damaging probably damaging

1 minimum alternate allele frequency (expressed as a fraction) reported [28] for any sampled population, 2 maximum
alternate allele frequency reported for any sampled population, 3 ‘damaging” means the enzyme encoded by the
mutant protein is either known or predicted to be catalytically impaired.

The two most common damaging mutations, R248W and Y359STOP, are known to abolish enzyme
activity in an in vitro cell kynurenine production assay [34]. While the corresponding experiments for
I140V, S252T, and N257K have not been reported, the SIFT, PROVEAN, and POLYPHEN predictions are
suggestive and could contribute compound heterozygosity for individuals who are merely heterozygous
for R248W or Y359STOP. There are no such common mutations in IDO1 or in the remainder of the
kynurenine pathway.

Importantly, the IDO metabolic trap hypothesis does not propose that these common damaging
mutations in IDO2 are causal for ME/CFS. The only requirement for a predisposing mutation is
that it is present in ME/CFS patients. On this hypothesis, population allele frequencies recorded
in Table 1 should be statistically significantly different from the corresponding allele frequencies in
ME/CFS patient populations. Considering the extremely high variant allele frequencies in the general
population (Table 1), achieving statistical significance may require targeted sequencing of the IDO2
gene in a very large ME/CFS patient population.

3.2. Consequences of Non-Functional IDO2

Since IDO2 and IDO1 catalyze the same reaction at the beginning of the kynurenine pathway,
we are obligated to ask how a non-functional IDO2 has any metabolic impact. After all, IDO1 is
unimpaired by the IDO2 damaging mutations and is perfectly capable of converting tryptophan to
N-formyl kynurenine (NFK). One possibility is that IDO2 can do something that IDO1 cannot, which
leads to a more detailed consideration of IDO1 and IDO2 enzyme kinetics.
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Figure 1 plots the flux of NFK production as a function of substrate concentration for IDO1 and
IDO2. These graphs are calculated using kinetic parameters reported in the literature (see Methods)
for the normal Michaelis-Menten behavior of human IDO2 and the substrate inhibited behavior of
human IDO1.

(a) (b) 

Figure 1. Differences in IDO1 (red) and IDO2 (blue) enzyme kinetics as functions of Trp concentration.
Total IDO flux (green) is the sum of the IDO1 and IDO2 fluxes. (a) Wild type situation with IDO1 and
IDO2 having comparable Vmax values; (b) Fluxes when IDO2 flux is 90% reduced, for example, by the
homozygous common damaging mutation, R248W.

Three important points emerge from examination of Figure 1. First, IDO1 is a substrate inhibited
enzyme with Ki(Trp) = ~50 μM and IDO2 is characterized by normal Michaelis-Menten kinetics.
Second, IDO1 is a high-affinity enzyme with KM(Trp) = ~5 μM and IDO2 is a low-affinity enzyme with
KM(Trp) = ~100 μM. Third, when both enzymes are functional, the total IDO-mediated conversion of
Trp to NFK is monotonically increasing and approximately Michaelis-Menten in form over a wide
range of substrate (Trp) concentration (panel a), but when IDO2 is functionally impaired by a common
damaging mutation (panel b), total IDO flux decreases when substrate [Trp] increases above ~30 μM.
Thus, what IDO2 can do that IDO1 cannot is to catalyze Trp + O2 → NFK even when [Trp] > 200 μM.

These features of IDO kinetics can, when the supply of substrate Trp does not decrease when IDO1
is substrate inhibited, create an untoward metabolic situation that can be referred to as a metabolic
trap. To provide a quantitative description of this IDO metabolic trap, we can consider the abbreviated
metabolic model illustrated in Figure 2.

3.3. A Mechanistic Model of the IDO Metabolic Trap Reveals Bistability

Tryptophan is an essential amino acid; for humans, its only source is dietary. Transport across the
intestinal epithelium is dominated by the LAT2 transporter while crossing the capillary endothelium, the
blood-brain barrier, and the serotonergic neuronal plasma membrane is mediated by the heterodimeric
transporter, LAT1. LAT1 is an obligate antiport; it transports a large neutral amino acid (often leucine)
out of the cell each time it transports tryptophan in. An important feature of LAT1-mediated transport
is that Ks values for amino acid uptake are in the 15 μM range, while Ks values for amino acid export
are in the mM range [42,43].
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Figure 2. Diagram of the kinetic model of the IDO metabolic trap. Colored rectangles represent molecules
in either extracellular space or serotonergic neuron cytosol. Arrows represent processes including
transport and biochemical reactions. LAT1 = large neutral amino acid transporter (SLC7A5:SLC3A2),
IDO = indoleamine-2,3-dioxygenase, AFMID = arylforamidase, TPH = tryptophan hydroxylase, AADC
= aromatic amino acid decarboxylase.

To capture this kinetic asymmetry, a reversible Michaelis-Menten rate law [44] for the flux
(molecules/min/cell) can be written as:

JLAT1 =

Vm f

(
1− Tcyto

TECFKeq

)(
TECF

K
TECF
s

)

1 + TECF

K
TECF
s

+
Tcyto

K
Tcyto
s

+ A
KA

i

(1)

where JLAT1 is the net flux of tryptophan (positive means the net flux is into the neuron cytosol from the
extracellular space), Vm f is the maximal forward (into the neuron) velocity of LAT1 transport, Tcyto is
the tryptophan abundance (molecules/cell) in the neuron cytosol, TECF is tryptophan abundance in the
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extracellular fluid, Keq is the equilibrium constant for LAT1 transport, KTECF
s is the substrate constant

for tryptophan uptake, K
Tcyto
s is the substrate constant for tryptophan export, A is the abundance of

other large neutral amino acids (either in ECF or cytosol) competing with tryptophan for transport via
LAT1, and KA

i is the inhibition constant for those competing amino acids.
Next, we need a quantitative expression for the flux through the substrate-inhibited enzyme,

IDO1. This can be written using a standard substrate inhibition rate law:

JIDO1 =
kIDO1

cat IDO1cytoTcyto

KTrp
M + Tcyto

(
1 +

Tcyto

KTrp
i

) (2)

where JIDO1 is the flux (molecules/min/cell) of Trp conversion to NFK catalyzed by IDO1, kIDO1
cat is the

catalytic constant for IDO1, IDO1cyto is the abundance (molecules/cell) of cytosolic IDO1, Tcyto is the

abundance of cytosolic tryptophan, KTrp
M is the IDO1 Michaelis constant for tryptophan, and KTrp

i is the
substrate-inhibition constant for Trp inhibition of IDO1.

A full kinetic model would also include rate laws for IDO2, for tryptophan hydroxylase (TPH1 or
TPH2 depending on the cell type being modeled) and for protein translation and proteolysis. Here,
we can consider the case where IDO2 is disabled by common damaging mutations, where serotonin
production is negligible compared to the kynurenine pathway flux, and where (in a steady-state) the
flux of protein synthesis is equal to the proteolytic flux and thus there is no net flux between cytosolic
tryptophan and cellular protein. These must be relaxed when it comes time for data analysis, but
to establish bistability only the principal input of Trp, JLAT1, and the principal output, JIDO1, need
be considered.

Thus, we can write the differential equation for cytosolic tryptophan as:

dTcyto

dt
= JLAT1 − JIDO1 (3)

where JLAT1 and JIDO1 are as defined above. This is the simplest possible mathematical model of the

IDO metabolic trap. To obtain the steady-states of this model requires only that we set
dTcyto

dt = 0, and
solve for Tcyto. This would require solving a cubic algebraic equation, which is entirely feasible, but a
more straightforward approach is to solve for Tcyto graphically as illustrated in Figure 3.

In Figure 3 the horizontal axis represents the cytosolic Trp abundance on a logarithmic scale. This
is why the LAT1 flux decreases as Trp increases. Indeed, at the largest values of Tcyto, the LAT1 flux
becomes negative indicating that the net LAT1 flux is directed out of the cell. The increasing and then
decreasing shape of the IDO1 flux curve will be familiar from Figure 1 and is caused by the substrate

inhibition of IDO1 by tryptophan. Since setting
dTcyto

dt = 0 requires JLAT1 = JIDO1, the three steady-states
correspond to the intersections (labeled A, B, and C) of the blue and red curves in Figure 3.

Steady-states labeled A and C are stable, and the steady-state labeled B is unstable. These
conclusions can be drawn directly from Figure 3. Consider the steady-state labeled A. If stochastic
variation increases cytosolic Trp abundance then IDO1 outflux will be greater than LAT1 influx, and
Tcyto will decrease until it returns to point A. If, instead, the initial variation decreases Tcyto, LAT1
influx will become greater than IDO1 outflux, and Tcyto will increase until it again returns to point A.
The same is true for the steady-state labeled C.
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Figure 3. Multiple steady-states in the simplest model of LAT1 tryptophan (Trp) transport and
IDO1-mediated Trp oxidation. Horizontal axis: cytosolic Trp abundance. Vertical axis: Fluxes
(molecules·min−1·cell−1) cellular Trp influx (blue) carried by the LAT1 membrane transporter, and Trp
removal (red) catalyzed by IDO1. Three possible steady-states are defined by the three points (A, B,
and C) where the two fluxes are equal. Numerical parameter values are: kIDO1

cat = 84 molecules·min−1

IDO1·molecule−1, IDO1cyto = 208 IDO1 molecules/cell, KTrp
M = 3.4 × 107 molecules/cell, KTrp

i = 2.5 ×
108 molecules/cell, Vm f = 1.2 × 108 molecules·min−1·cell−1, TECF = 1.5 × 109 molecules/cell, Keq = 3.43,

KTECF
s = 2.2 × 1010 molecules/cell, KTcyto

s = 2 × 109 molecules/cell, A = 5 × 106 molecules/cell, and KA
i =

4.3 × 103 molecules/cell.

But steady-state B is different. It is unstable because stochastic variation in Tcyto results in changes
to influx and outflux that drive the system to either steady-state A or steady-state B. For this reason,
point B defines what is called a critical point. If cytosolic tryptophan exceeds the value defined by this
critical point, the system falls inexorably into steady-state C. This extremely simple model is thus
bistable. It is capable of both a normal physiological steady-state (A) in which kynurenine production is
supported by LAT1-mediated import of tryptophan and cytosolic tryptophan is ~2 × 107 molecules/cell,
and a pathological steady-state (C) in which kynurenine production is nearly abolished and cytosolic
tryptophan is ~5 × 109 molecules/cell, more than two orders of magnitude greater than normal for a
cell expressing the kynurenine pathway.

3.4. An Experimental Design to Test the Trap Hypothesis

Every hypothesis needs an experimental test capable of rejecting or corroborating it. For the
IDO metabolic trap hypothesis, the natural test is based on metabolic tracer kinetics [45] and the
well-developed set of computational tools [46–49] for analysis of the resulting tracer data. Here, the
natural tracer is tryptophan labeled with 14C or 13C in its indole ring and, optionally, in its alpha and
carboxyl carbons as well. Tryptophan labeled with either isotope can be used in animal studies and
freshly isolated or cultured cells, while the stable isotope, 13C, is, today, widely preferred for human
metabolic studies. For isolated cells, the choice usually depends on local expertise and training.

A useful test requires methods for isolating intracellular compounds after exposing the cells to
13C-tryptophan for a specified loading period. At specified times thereafter multiple cold washes both
stop the cellular reactions and remove the extracellular medium so that intracellular measurements are
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not contaminated with extracellular unlabeled or labeled tryptophan or secreted serotonin or kynurenine.
It would then be possible to measure cytosolic 13C-tryptophan as well as the incorporation of labeled
tryptophan into cellular kynurenine and serotonin. If transients in 13C-kynurenine and 13C-serotonin
are measured after removing the tryptophan tracer from the medium. A great advantage of stable
isotope kinetics is that the corresponding endogenous 12C compounds are measured simultaneously
and quantified separately by the liquid chromatography-mass spectrometry workflow and thus further
constrain the computational analysis of the data. The hypothesis will be corroborated if the flux
through IDO to kynurenine is substantially reduced in cells from ME/CFS patients compared to healthy
control subjects. The hypothesis will be rejected for the cell type tested if there is no difference in the
IDO fluxes measured in the two experimental groups.

4. Discussion

The IDO metabolic trap hypothesis for ME/CFS thus suggests that four cell types are at risk of being
driven into the pathological steady-state C (Figure 3): (1) antigen-presenting cells (such as dendritic
cells and macrophages), (2) serotonergic neurons in the midbrain raphe nuclei, (3) serotonin-producing
enterochromaffin cells in the intestinal mucosa, and (4) melatonin-producing pinealocytes. This risk,
according to the hypothesis, is magnified by the absence or dysfunction of the backup enzyme, IDO2.
A cell in the pathological steady-state C can be described as being in the IDO metabolic trap.

4.1. Consequences of the IDO Metabolic Trap

Consequences of being in this abnormal steady-state depend on many factors. For example, if the
normal flux through the kynurenine pathway is the major route of tryptophan oxidation/removal, then
cytosolic tryptophan will increase dramatically if IDO1 becomes substrate inhibited. In turn, increased
cytosolic tryptophan will drive excessive serotonin production in cells, like serotonergic raphe neurons,
that express TPH2 (human chromosome 12) [50] with its normal Michaelis-Menten kinetics [51], or
may result in decreased serotonin and melatonin production in cells, such as antigen presenting
cells, enterochromaffin cells, and pinealocytes that express the classical “peripheral” tryptophan
hydroxylase, TPH1 (human chromosome 11) [50]. This is because TPH1 is, itself, substrate inhibited at
high concentrations of its substrate, tryptophan [51,52].

Even if serotonin and melatonin production are unperturbed, the absence of kynurenine and its
metabolites can have untoward effects. For example, kynurenine is spontaneously converted to trace
condensation products called TEACOPs that are potent activators of the aryl hydrocarbon receptor
(AHR), a transcription factor that controls the development of Treg cells [53]. In addition, kynurenine is
deaminated by kynurenine aminotransferase and the resulting kynurenate is a potent neuroprotective
alpha 7-nicotinic acetylcholine receptor antagonist [54].

If instead we follow the main branch of the kynurenine pathway, additional consequences of
insufficient kynurenine production appear. First, the spontaneous synthesis of quinolinate from
2-amino-3-carboxymuconate semialdehyde will decrease. Not only is quinolinate itself neuroexcitatory,
but it is also the precursor of nicotinate mononucleotide, which is an important source of NAD+,
especially if dietary nicotinate is limited [55]. Second, the enzymatically catalyzed route from
2-amino-3-carboxymuconate semialdehyde leads to picolinate, which is widely described as a
neuroprotectant. Perhaps importantly, picolinate production is potently inhibited by glycolytic
triose phosphates [56]. Thus, if cytosolic NAD+ is insufficient to maintain a high glycolytic flux through
glyceraldehyde 3-phosphate dehydrogenase, the resulting increase in triose phosphates will divert
the kynurenine pathway away from neuroprotective picolinate and toward quinolinate/NAD+. This
regulatory cross-talk between glycolysis and the kynurenine pathway will certainly fail in trapped cells.

4.2. IDO1-LAT1 Critical Point as the Threshold of Chronic Disease

In Figure 3, the unstable steady-state, B, is the critical point in cytosolic tryptophan concentration.
Mathematically, it is the threshold above which the solution of the differential equation switches to the
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alternate attractor. Practically, the critical point marks the cytosolic tryptophan concentration above
which the cell is destined for the pathological low-kynurenine steady-state.

It may be important to recognize that at some increased level of LAT1 expression, only one
steady-state is possible. And that steady-state is the pathological one. Conversely, there are decreased
levels of LAT1 expression that are only compatible with a normal physiological steady-state.

Another implication of the critical point is that therapeutic perturbations need only reduce
cytosolic tryptophan below the critical point. Below that point a return to the normal physiological
steady-state is inevitable. It must be kept in mind, however, that the trap persists, and subsequent
triggers can cause relapse.

It remains to be determined whether this bistable system is also capable of limit cycle oscillations
or deterministic chaos, which could explain relapsing-remitting forms of ME/CFS and the seeming
impossibility of multiple metabalomics studies converging on the same plasma signature.

Again, we emphasize that all these points are based on a hypothesis. Without experimental
corroboration of that hypothesis and, optimally, a clinical trial, these statements about therapy are not
actionable. They are intended to provoke research.

4.3. Underlying Assumptions

Deficits in kynurenine production and decreases in the abundance of its downstream metabolites
(kynurenate, anthranilate, picolinate, quinolinate, NAD+, and others) will occur in any cell whose
IDO1 becomes substrate inhibited. Implicit in this scenario is that IDO2 activity provides insufficient
backup at high cytosolic tryptophan. This, of course, is the rationale for the attention paid to common
damaging mutations in IDO2. Similarly, the IDO metabolic trap cannot occur in any cell type that also
expresses tryptophan-2,3-dioxygenase (TDO).

Hypo- or hyper- synthesis of tryptophan-derived serotonin or melatonin depends on the extent to
which cytosolic tryptophan abundance is increased relative to the KM and Ki values of tryptophan
hydroxylase. This, in turn, depends on the assumption that the normal kynurenine pathway flux is
much greater than the normal tryptophan hydroxylase flux. This assumption can be tested in any
given cell type with the tracer kinetic experiment proposed in Section 3.4.

A final assumption of the IDO metabolic trap model is that tryptophan uptake by LAT1 has the
features described in the literature [42], namely its kinetic asymmetry. The KM for tryptophan on the
outside aspect of the transporter is reportedly in the uM range while the KM on the cytosolic aspect is
1000-fold greater. Any other allosteric control of the transporter that maintains tryptophan transport
despite decreased utilization by the kynurenine pathway would also satisfy this assumption. This
feature of the model deserves further attention because all cytosolic large neutral amino acids (including
kynurenine) can play both activator and inhibitor roles for LAT1-mediated tryptophan import.

4.4. Potential Role of Bistability and Substrate Inhibition in Chronic Disease

While it is possible that the IDO metabolic trap lays bare the etiology of ME/CFS, the probability
that this is so is small. When we search for common damaging mutations in the human genome, we,
by definition, find many. Consequently, the hypothesized increase in damaging alleles in ME/CFS will
be difficult to demonstrate without a much larger population of carefully diagnosed ME/CFS patients
whose genome sequences are available. For a given trap hypothesis, such as the IDO metabolic trap, it
is likely that targeted sequencing of the relevant gene is a more efficient and cost-effective approach.
Furthermore, one could question whether a classical genetic family study would be fruitful in this
context because the presence of a predisposing mutation need not correlate with the presence of disease.
If a common damaging mutation is predisposing (not causal), its allele frequency in a given population
may be far greater than the prevalence of the disease for which it is predisposing. The mutation(s) will
have low penetrance because it is one or more rare combinations of environmental circumstances that
trigger the disease and determines its prevalence. If this is true, the fraction of the world’s population
at risk for ME/CFS may be vastly greater than its 2% estimated prevalence of the disease.
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Another model of chronic disease is the comprehensive healing cycle (HC) model of Naviaux [57].
The HC model emphasizes that knowing the causes of ME/CFS (or other chronic diseases) will not
point to a cure. Instead, ME/CFS is seen as a failure to pass the third and final checkpoint in the healing
cycle [57]. On this theory, diseases like ME/CFS are characterized by abnormal cell-cell communication
that, in turn, is caused by dysfunctional G-protein coupled receptors (especially purinergic receptors)
and their regulatory metabokine networks. The result is the failure of the healing cycle and, thus,
chronic disease. It is in this sense that the HC model views chronic disease as “a systems problem that
maintains disease”.

The IDO metabolic trap is a prototype for a different class of systems-level problems. Like the HC
model, the trap model implies that chronic disease is not the result of chronic exposure to a pathogen
or toxin. Unlike the HC model, the trap model does not suggest a failure of healing or, indeed, a
failure of anything at all. Instead, the trap hypothesis identifies substrate inhibition, an inherent and
well-studied feature of some enzymes that can, in response to pathogenic triggers, unmask metabolic
bistability. Bistability is a phenomenon unique to nonlinear dynamics that has been studied for
decades [23,24,58,59]. The essential fact of bistability is that it is possible for a bistable system to be
driven into an alternative (e.g., pathological) steady-state and be maintained in that chronic disease
state long after the trigger is removed and without requiring a chronic infection or chronic exposure to a
toxin. Furthermore, nothing need be broken or dysfunctional. The possibility of this chronic disease
state is inherent in the detailed molecular mechanism of substrate inhibition.

Because substrate inhibition is relatively common [10], the features of the IDO metabolic trap may
appear in other pathways and constitute the mechanisms of other chronic diseases. As an example,
tyrosine hydroxylase, the first and rate-determining step in dopamine synthesis, is also substrate
inhibited and could provide an alternative explanation for low dopamine production in Parkinson
disease or for insufficient production of catecholamines in other cell types.

To summarize, the IDO metabolic trap hypothesis for ME/CFS suggests that substrate inhibition
of IDO1 creates the possibility of metabolic bistability in cells expressing the kynurenine pathway.
Transition from the normal physiological steady-state to the alternative steady-state can be initiated by
any trigger that increases cytosolic tryptophan concentration above the critical point (point B in Figure 3).
The alternative, or pathological, steady-state is characterized by insufficient kynurenine production
from tryptophan, and consequent impairments in the central nervous system, gastrointestinal, and
immune function, as well as energy metabolism. Depending on the relative expression and kinetics of
other tryptophan-dependent enzymes in enterochromaffin cells and pinealocytes, production of other
tryptophan metabolites (e.g., serotonin and melatonin) may be pathogenically altered as well. For any
given cell type, this hypothesis is testable using labelled tryptophan combined with standard tracer
kinetic analysis [48].
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