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Myalgic Encephalomyelitis: Symptoms and Biomarkers
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Abstract: Myalgic Encephalomyelitis (ME) continues to cause significant morbidity worldwide with
an estimated one million cases in the United States. Hurdles to establishing consensus to achieve
accurate evaluation of patients with ME continue, fueled by poor agreement about case definitions,
slow progress in development of standardized diagnostic approaches, and issues surrounding research
priorities. Because there are other medical problems, such as early MS and Parkinson’s Disease,
which have some similar clinical presentations, it is critical to accurately diagnose ME to make a
differential diagnosis. In this article, we explore and summarize advances in the physiological and
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neurological approaches to understanding, diagnosing, and treating ME. We identify key areas and approaches to
elucidate the core and secondary symptom clusters in ME so as to provide some practical suggestions in evaluation of ME
for clinicians and researchers. This review, therefore, represents a synthesis of key discussions in the literature, and has
important implications for a better understanding of ME, its biological markers, and diagnostic criteria. There is a clear
need for more longitudinal studies in this area with larger data sets, which correct for multiple testing.
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1. INTRODUCTION

Consensus-based case definitions, constructed by
agreement among experts, are necessary when diagnostic
tests for a disease have not been developed. However,
consensus-based definitions may encounter problems with
construct and external validity [1, 2]. To date, chronic
fatigue syndrome (CFS), Myalgic Encephalomyelitis (ME),
or a combination of both (ME/CFS) has largely been
diagnosed using consensus-based case definitions. Even
though the exact mechanisms which underlie ME have not
been fully elucidated, we now have more empirical evidence,
making it possible to begin to develop a more empirically
based case definition. As such, there is a need to identify
critical features of these illnesses [3] in order to reduce
criterion variance [4], a major source of diagnostic
unreliability. For example, we do know that in contrast to the
Fukuda CFS criteria [5], both the Canadian ME/CFS criteria
[6] and the ME-ICC criteria [7] identify a smaller subset of
patients with more severe symptoms and greater physical
functioning impairments [8] than Fukuda. However, these
latter criteria require a larger set of symptoms for a
diagnosis', and as patients with higher numbers of somatic

'To meet the ME-ICC criteria, a person must have Post-Exertional
Neuroimmune Exhaustion. Within the Neurological Impairment symptom
grouping, a patient must have at least one symptom from three of the
following four symptom categories (1) neurocognitive impairments (e.g.,
difficulty processing information, short-term memory loss), (2) pain, (3)
sleep disturbance, and (4) neurosensory, perceptual and motor disturbances
(e.g. inability to focus vision, sensitivity to light, feeling unsteady on feet).
The third category is Immune, Gastro-intestinal and Genitourinary Impairments,
and individuals must have at least one symptom from three of the following
five symptom categories: (1) flu-like symptoms, (2) susceptibility to viral
infections with prolonged recovery periods (3) gastro-intestinal tract symptoms
(e.g., nausea, abdominal pain), (4) genitourinary symptoms (e.g., urinary
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symptoms tend to have higher rates of psychiatric disorders
[9], difficulties with differential diagnoses become more
prominent. Along these lines, case definitions with more
somatic symptoms might inadvertently increase rates of
psychiatric co-morbidity [10].

Recently, the Institute of Medicine [11] issued a report
that proposed a new name (Systemic Exertion Intolerance
Disease, SEID) and case definition that included the
following 4 symptoms: substantial reduction or impairment
in the ability to engage in pre-illness levels of occupational,
educational, social or personal activities; post-exertional
malaise, unrefreshing sleep; and at least one of the two
following symptoms: cognitive impairment or orthostatic
intolerance. Whereas the Fukuda criteria [5], the ME/CFS
Canadian criteria [6] and the ME-ICC criteria [7] excluded
other medical and psychiatric conditions that might have
produced the fatigue, the new SEID criteria [11] had a
different position regarding exclusionary conditions. More
details about exclusions are provided within the IOM’s SEID
Report Guide for Clinicians [11] (p. 4), where it states: “The
presence of other illnesses should not preclude patients from
receiving a diagnosis of ME/CFS (SEID) except in the

urgency), and (5) sensitivities to food, medications, odors, or chemicals. The
final category is Energy Production/Transportation Impairments, and at least
one symptom from one of the following four symptom categories must be
present: (1) cardiovascular (e.g. orthostatic intolerance), (2) respiratory (e.g.
labored breathing), (3) loss of thermostatic stability (e.g. subnormal body
temperature), and (4) intolerance of extremes of temperature.
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unlikely event that all symptoms can be accounted for by
these other illnesses.”

With the addition of SEID, there are now multiple case
definitions [12, 13], and it is critical to determine whether
these criteria identify patients with different characteristics.
More importantly, to reduce criterion variance, in this article,
we will try to identify defining features of ME®. We review
the most recent literature to explore what might be essential
for an empirical ME’case definition (Fig. 1).

The past 3 decades have seen a growth in research
involving clinical aspects of ME [14, 15]. With this growing
literature come new ideas for identifying core symptoms.
Progress in this area has come from expert clinical
observations and empirical findings, and has been presented
within case definitions, review articles and research reports.
One example, King and Jason [12], suggest that ME
diagnosis could be improved by using pre-identified core
symptoms, with severity ratings, alongside standardized
measures to collect clinical information. These suggestions
have now been incorporated in a number of studies, such as
the work of Jason and colleagues [8], which found that three
types of core symptoms, post-exertional malaise (PEM),
neurocognitive dysfunction and unrefreshing sleep occur in
nearly all patients with ME. In the same study, using data
mining, the authors found that a few core symptom-clusters
could correctly classify 95.3% of participants as ME or
control. Furthermore, factor analytic studies have supported
the identification of these critical primary domains of the
illness [15].

In this article, we will argue that secondary symptoms of
ME might include symptoms within immune [16-19], neuro-
endocrine [20-22], autonomic [23-26], and pain domains [23,
24, 26, 27]. Despite the reported lower prevalence of these
domains, these secondary symptoms are nonetheless found
with enough frequency in the literature to utilize them for
patient subtyping, such as, ME-immune, ME-autonomic,
ME-neuroendocrine, ME-pain, or ME-combination. With
this conceptual framework, we now review the biological
evidence for ME biomarkers that could be used in a ME case
definition.

Therefore, it is the purpose of the present article to build
upon previous work to illustrate that the domains identified
here are likely indicative of ME diagnosis. We recognize the
variability inherent in each domain category (such as not all
types of cognitive performance are impaired) and anticipate
that the variances will be reduced by more focused research
in the future. Furthermore, the features of ME do appear to
be modulated by biological findings and will be diagnosable
as symptoms of ME.

2. CORE SYMPTOM DOMAINS
2.1. Post-Exertional Malaise (PEM)

PEM is the extreme exhaustion, pain, cognitive deficits
and other symptoms present after exertion in patients with

*For clarity, in this review article, we use the term ME even though a number of the
articles do not use this term to describe their samples.
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Fig. (1). ME criteria to be evaluated.

ME, accompanied by an unusually slow return to baseline
after exertion, not explained by deconditioning, sedentary
lifestyle or malingering [28-30]. This return to baseline has
been shown to last days, weeks or even months. One aspect
of PEM is that the onset sometimes occurs about 24-hours
post-exertion. This onset delay might help establish a
differential diagnosis between ME and other diseases (e.g.
Multiple Sclerosis, lupus, etc.), all of which have severe
fatigue and malaise but no delay has been reported.

Every ME case definition, as well as factor analytic
studies, concludes that PEM is an essential feature of this
illness [31]. Exercise testing [28, 29] suggests that PEM can
be prompted even by mild exercise with subjective patient
reports of PEM generally describing a worsening of the
entire ME symptom constellation as a result of the exercise
[30]. In the laboratory, PEM has been characterized in a
variety of ways such as increased symptoms of fatigue and
pain [32-34], abnormal cardiopulmonary responses [35],
increased oxidative stress [36], changes in cognitive function
[32], and upregulation of several biological variables
including complement C4a levels [28], cytokines [32] and
various leukocyte markers [32-34]. Some of these studies
[35, 37] await replication, though they provide evidence that
a core feature of this illness is PEM.

Hypotheses about the nature of PEM include vascular
dysfunction, peripheral nervous system deregulation, or spinal
cord dysfunction [38-42]. PEM may be due to mitochondrial
dysfunction [43, 44] secondary to mitochondrial damage and/or
inhibition of the oxidative metabolism as a consequence of
excessive and prolonged oxidative stress after exertion [36,
45]. Low oxygen uptake by muscle cells caused exercise
intolerance in a majority, indicating insufficient metabolic
adaptation to incremental exercise [46, 47].

Maes, Twisk, and Johnson [46] found that self-reported
PEM was significantly related to inflammatory and cell-
mediated immune biomarkers; patients with ME displayed
more severe clinical symptoms and immune abnormalities
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compared to patients with CFS; whereas, both ME and CFS
displayed more severe symptoms and immune disorders than
patients with chronic fatigue. Biological measures and self-
report items may therefore aid in discrimination between
ME, CFS, and chronic fatigue.

2.1.1. Channelopathies

There is a small but compelling literature showing that
PEM may involve channelopathies [3, 47-49]. Involving at
least 29 ion channel genes, channelopathies are now known to
underpin a variety of neurological diseases such as migraine
(especially hemiplegic migraine), epilepsy, episodic ataxia,
periodic paralysis or myotonia [50, 51], and congenital
myasthenic syndrome [50, 52]. The central features of
channelopathies in these diseases involve paroxysmal
presentation, triggered by environmental events such as
toxins, viruses or stressful life events [50]. Chaudhuri and
colleagues [47, 48, 53-55] indicate that the mutations of ion
channels [56] have only recently been implicated in ME
[48]. Because stable ion-channel functioning is necessary for
stable neural excitability, generation of action potentials and
neurotransmitter release [57], it appears that PEM may be a
channelopathy or related to one.

Regardless of source, the abnormal ion channel function
in ME may be a result of a shift of membrane potential in
voltage-gated potassium channels of the cell to a state of
hyperpolarization and accompanying reduction of neuro-
transmitter availability [47, 48]. For example, Snell, Vanness,
Strayer, and Stevens [58] found disrupted immune status
associated with exercise intolerance associated with oxidative
stress and nitric oxide-related channelopathies. This converging
evidence has therefore been used by some authors to argue
for channelopathies in the etiology and maintenance of ME
symptoms such as PEM [48, 59]. A summary of PEM
studies are listed in Table 1.

2.1.2. Kindling

The kindling hypothesis has been proposed as an
explanation for the etiology of many aspects of ME, as well
as a mechanism to understand PEM [14, 60]. The electro-
physiological kindling hypothesis posits that repeated
intermittent exposure to excess neural activity, which is
initially sub-threshold, can eventually cause that neural activity
to exceed threshold limits, resulting in persistent hypersensitivity
to that stimulus, and ultimately, spontaneous seizure-like
activity [61-64]. According to the kindling model, using
seizures as an example, repeated stimulation lowers the
threshold for seizures to occur spontaneously after repetitive
sub-threshold stimuli [65]. According to the CNS seizure
kindling model, seizure activity can then spread to adjacent
structures in the brain [63], which could, in part, explain the
fluctuating nature of symptoms in patients with ME. Seizure
activity is implicated in epilepsy and migraine. For infectious
disease, chronically repeated, low-intensity stimulation due
to an infectious illness may cause similar CNS kindling,
which likewise involves neuronal cell populations that
continue to fire after the initiating stimulation has ceased
[66]. Available evidence suggests that kindling may play a
part in the maintenance of PEM, possibly through both CNS
and infectious diseases routes.
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Exercise may also exacerbate kindling for individuals
with underlying inflammatory states [67, 68], producing
PEM. Arnett, Alleva, Korossy-Horwood, and Clark [69]
hypothesize that exercise is pro-inflammatory for those with
high circulating cytokine concentrations, whereas the same
exercise may be anti-inflammatory for those with less severe
persistent peripheral inflammation. These hypotheses suggest
that non-pharmacologic interventions which attempt to increase
exercise and activity may have negative effects for many
patients with high circulating cytokine concentrations who
are already exhausted due to limited energy levels and
stamina.

In a clinical treatment trial, Jason, Benton, Torres-Harding,
and Muldowney [70] found that patients who exerted more
energy than they had available did not improve over time,
whereas those patients who were able to stay within their
energy boundaries made significant improvements over time.
According to Energy Envelope Theory [71], when an individual
with ME avoids overexertion and maintains an optimal level
of activity over time, it may be associated with some
improvements in physical functioning and fatigue, which
might be due to reducing PEM. Alternatively, kindling may
explain why going beyond energy reserves can elicit PEM
(which results in a very slow return to baseline), and which
can actually be an impediment to improving functionality
and fatigue levels. The kindling hypothesis suggests that
once this system is charged or elevated, either by high-
intensity stimulation or by chronically repeated low-intensity
stimulation, activities that involve going beyond energy
reserves may enhance an already high level of arousal.

Autonomic nervous system findings from Light, White,
Hughen, and Light [33] could also be used in support of a
kindling model. Light ef al. [33] found that exercise sends a
continuous signal of muscle sensory fatigue to the sympathetic
nervous system branch of the autonomic nervous system,
causing dysregulation of sympathetic nervous system reflexes
and ultimately producing the recognition of enhanced fatigue.
Light’s group found that after exercise, patients with ME in
comparison to controls demonstrated increases in mRNA in
gene receptors that detect muscle-produced metabolites, genes
that are essential for sympathetic nervous system processes,
and immune function genes. The researchers concluded that
patients may have an enhanced sensory signal for fatigue that
is increased after exercise. Within this paradigm, kindling
could cause excessive arousal that leads to an increase in
excitatory postsynaptic receptors and a decrease in inhibitory
presynaptic receptors. There are anecdotal reports of Light
and his colleagues having some success using propranolol, a
beta blocker that blocks activity of both epinephrine and
norepinephrine and reduces excitation of the sympathetic
nervous system. The researchers used low doses of propranolol
(1/5 to 1/10 the dose prescribed for blood pressure control)
to block the sensory receptors, thereby reducing sympathetic
nervous system responsivity [72].

2.1.3. Measuring PEM

Standardized assessment of post-exertional malaise is
necessary due to the variability in assessment strategies
across studies. For example, Jason, King, Richman, Taylor,
and Torres [73] found that PEM for individuals with ME
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Table 1. Studies investigating Post exertional malaise in ME.!
Author/Year N Case Def. Investigation Key Findings
LaManca et al. 19 patients Dx done by Cognitive test battery, Stroop, Symbol After demanding exercise (24 hours post),
(1998) [32] 20 controls others Digit Modalities Test (processing speed), patients demonstrated significantly impaired
Trails, Serial 13’s, BDI, NAART, fatigue cognitive processing when compared to
scale; treadmill test. controls.
VanNess, et al. 189 patients, no Unknown Treadmill test to subclassify patients. Found three groups of patients and called for
(2003) [35] controls (repeated classifiers based on cardiopulmonary testing.
measures design)
Siemionow et al. 8 patients CDC Holmes Used 58-channel EEG data collection, Patients displayed significantly less motor
(2004) [78] 8 controls criteria performed handgrip tests. strength, altered EEG theta findings.
Snell ez al. (2005) 35 male patients Holmes and Exercise capacity as measured by graded | No gender effects but found immune effects
[58] 71 female patients Fukuda exercise; peak VO2, peak HR, BMI, consistent with mutated ion channels.
exertion, respiratory quotient.
VanNess, et. 6 patients Fukuda Repeated measures design, with exercise Differences not sig. at baseline but wide sig.
al.(2007) [37] 6 controls as the repeated variable; VO2 peak, Peak differences at time 2 in peak oxygen
HR, VO2 anaerobic consumption; HR not different.
Neary et al. 6 patients Unknown Incremental cycle test to exhaustion to Cerebral oxygenation (HbO2), deoxy-
(2008) [79] 8 controls look for prefrontal cortex hypoxia during | hemoglobin, oxygen saturation and total blood
exercise. volume found; reduced brain oxygenation and
blood volume indicative of patients.
Nijs et al. (2008) 24 patients Unknown SF-36, symptom list, activities and Nafter test, return to baseline 24 hours post
[80] participation questionnaire, all done /Nin pain overall.
24 hours post exercise.
Light et al. Unknown Unknown Post exercise, ME and ME-FMS patients Groups highly correlated with symptoms of

(2009) [33]

show enhanced gene expression for
receptors detecting muscle metabolites
and for SNS and IS, which correlate with
these symptoms.

physical fatigue, mental fatigue, and pain
suggesting dysregulation of metabolite
detecting receptors as well as SNS and IS in
ME and ME-FMS.

Nijs et al. (2010) 22 patients
[28] 22 controls

CDC criteria

Participants did submaximal exercise and
a self-paced, physiologically limited
exercise 8 days later.

Both resulted in PEM but IL-1B not altered.

(2010) [81] 17 controls

exercise

VanNess et al. 25 patients Fukuda Maximal cardiopulmonary exercise test. | Within 24 hours posttest, 85% of controls fully
(2010) [30] 23 matched controls recovered, 0% of patients fully recovered.
Other 15% of controls recovered 48 hours
post, only 1 patient recovered 48 hours post.
White et al. 19 patients Not known Looked at circulating cytokines post Used exercise protocol, cytokine analysis,

found cytokines appear to vary with symptom
flare (PEM).

Van Oosterwijck
etal.(2010) [82]

22 patients
22 controls

CDC criteria

Cardiorespiratory tests, health status
questionnaires.

“NPain post exercise patients,
pain post controls.

(2015) [84]

Maes et al. 144 patients Fukuda and Used PEM rating scale Argues for stratification of patients.
(2012) [46] CF
Vermeulen et al. 3 Groups: Fukuda Maximal exercise capacity measured. < max exercise capacity peak VO2 for the
(2014) [83] 203 patients patient and CF groups, higher in controls.
223 chronic fatigue Low exercise capacity associated with
18 controls metabolic problems.
Lengert et al. None NA This article presents a model to measure and demonstrate reduced mitochondrial capacity in

ME exercise intolerance.

"This list is not exhaustive.
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ranged from 41-94% depending on how the self-report
question was worded, calling attention to the need to develop
standardized assessment tools. Biological assessments of
PEM include the work of Light et al. [33], documenting
increases in the expression for sensory, adrenergic, and
immune genes following moderate exercise. The types of
challenges reviewed above document impairments in
sensory, adrenergic, and immune systems. Other efforts to
document PEM might include pain threshold before and after
exercise [55, 74], neuropsychological and cognitive tests
before and after a treadmill test [32] and repeated exercise
tests [30]. Neu, Mairesse, Verbanck, and Linkowski [75] had
patients with ME and controls use an electronic handgrip
dynamometer to measure muscular hand grip strength. While
sitting and using the dominant hand, in the “tonic” condition,
participants gripped the handle as strongly as possible and
maintained the grip as long as possible. This condition was
performed four times, and the measured variable was the
time elapsed before grip force decreased by 50%. In the
“phasic” condition, participants gripped the handle as strongly
as possible and relaxed immediately during ten successive
trials. Cytokine levels were increased for IL-1p, IL-8, IL-10
and TNF-o and fatigue intensity was correlated to grip
strength and IL-8. The gap between the controls over the
people with ME increased with almost every trial, suggesting
this might be a useful test to measure or test for fatigability
in ME.

Another important issue in PEM measurement is the
timing of the testing. The significance of second-day testing
in exercise challenges was evident in VanNess, ef al. [35],
who recruited 6 female patients and 6 sedentary matched
control subjects and all achieved maximal exertion. During
day 1 of exercise test, patients with ME had a slightly lower
V0, max (maximum capacity of an individual's body to
transport and use oxygen) than controls (26.2 ml/kg/min vs.
28.4 ml/kg/min) and lower oxygen utilization at anaerobic
threshold (15.0 ml/kg/min vs. 17.6 mg/kg/min). However,
these values for patients versus controls at day 1 were not
significantly different, but on day 2, prominent effects of
exercise emerged. On day 2 of the exercise test, sedentary
controls improved in VO, max (28.4 to 28.9 ml/kg/min) and
oxygen utilization at anaerobic threshold (17.6 to 18.0
ml/kg/min) whereas patients worsened in VO, max (26.2 to
20.5 ml/kg/min) and in oxygen utilization at anaerobic
threshold (15.0 to 11.0 ml/kg/min). ME values were in the
severe disability range [76], and the decline in function from
day 1 to day 2 could not be explained by inactivity. The fall in
oxygen consumption on day 2 of the exercise test among
patients compared to controls suggests metabolic dysfunction
[77]. Therefore, it is critical to assess PEM with a challenge
over a two day period of time.

3. NEUROCOGNITIVE DOMAIN

Neurocognitive impairment is frequently reported in ME
both through self-reported by 85% of patients [85] and
over 90% in clinical and anecdotal reports [86] with a
number of studies using objective testing [31, 87]. Studies of
neurocognitive impairment typically use neuropsychological
assessment, surveys, paper-and-pencil tests, and others using
some of these assessments combined with neuroimaging.
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With these modalities, earlier studies (prior to 2001) primarily
found impairments in information processing speed, working
memory and incidental learning [88]. More recently, these
results have been replicated and extended, indicating a
variety of neurocognitive impairments in ME such as
sustained and divided attention, concentration, memory and
metamemory, working memory, slowed information processing
speed, slowed verbal fluency including word-finding problems,
learning complex information, cognitive slowing, impaired
concentration problems, fine motor speed, reaction time and
abstract thinking [89-95]. Neurocognitive studies in ME are
also notable for the wide range of findings between studies
but overall, demonstrate the neurocognitive impairment in
ME. The limitations appear to be primarily in variations of
study design, as well as which actual assessments are used.
For example, one study, to address some limitations for
genetic and environmental influences, used twins reared
together for matching (a powerful study design). In that
study, Claypoole, Noonan, Mahurin, Goldberg, Erickson,
and Buchwald [96] found decreases in overall executive
functioning in ME. Another commonly cited ME research
problem is issues in diagnosis as well as exclusion criteria
for the study, which can lead to contamination. Currently,
disparate findings can be explained by the variety of designs
and design issues (such as small sample size), and/or to the
differences between the tests themselves.

It should be noted that several studies have found the
neurocognitive deficits to be independent of psychopathology
[97, 98] and medication effects [94, 95, 99]. For children with
ME, neurocognitive impairment is the single most problematic
symptom resulting in long term school absence and inability
to complete school work, which has been shown to be
independent of depression and anxiety [100-102].

There are many theories proposed about the cause of the
neurocognitive abnormalities in ME. The following points
capture some of the theories surrounding the abnormalities:

e Nieoullon [103] postulated that disruption in dopamine
function might lead to some of the cognitive
dysfunction experienced by many patients with ME.

e Arnett and colleagues [69] proposed that ME is the
result of a long-term inflammatory process within the
brain, which could impact cognitive functioning.
These long term processes are very similar to that of
critical care patients, since both ME and critical/
non-critical illnesses are associated with steeper
declines in cognition as a function of more infections
and inflammation [69, 104-109].

e  Widespread neuroinflammation has been found in
the brain of patients with ME, which has been
associated with the severity of neuropsychological
symptoms [24]. More specifically, activation of
microglia or astrocytes was found through [11C-
(R)-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-
3-isoquinoline-carboxamide] (11C-(R)-PK11195) a
ligand of PET for a translocator protein that is
related to neuroinflammation. Binding potential, a
measure of the density of the receptors for the
translocator protein, was higher in patients with ME
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than controls. The binding potential in the amygdala,
thalamus and midbrain was significantly and
positively correlated with cognitive impairment.
Pain scores were positively correlated with binding
potential in the cingulate cortex and thalamus, and
depression scores were likewise positively correlated
with binding potential in the hippocampus.

e In a recent microglia study, Fuku, Hossain, Noda, and
Katafuchi [110] found 5-HTT astrocyte expression
resulted in immunologically induced fatigue in rats.
These studies are important as they are addressing
the core issues of ME symptomology at the gene
level, creating a better understanding of the array of
symptoms in this illness.

Overall, neuroinflammation is present in the CNS in all
neurological diseases, CNS injury or infection, peripheral
infection and stress, and most often the inflammation
presents as one or more types of neurocognitive impairment
[105]. Since neurocognitive impairment without dementia
due to chronic medical conditions overall accounts for about
25% of all neurocognitive impairment [111, 112], it may be
that the course of neurocognitive impairment in ME could
parallel that of other types of neurocognitive disorders and
have similar etiologies, informing clinicians and researchers
alike about etiology and prognosis.

3.1 The Immune Activation Hypothesis

Kuratsune and Watanabe [109, 113] demonstrated that
brain dysfunction among patients with ME is caused by
reactivation of various herpes viral infections and/or chronic
mycoplasma that may cause infection and abnormal
production of cytokines. In support of immune activation,
Natelson, Weaver, Tseng, and Ottenweller [114] indicated
that IL-8 and IL-10 have been found to be significantly
elevated in the cerebrospinal fluid of patients with ME (both
of the cytokines are elevated after an acute inflammatory
event). Sorenson and colleagues [115] also found increased
expression of pro-inflammatory cytokine IL-8 in patients.
Still another indicator of chronic immune activation is the
up-regulated amyloid beta precursor protein (APP) in the
cerebrospinal fluid of patients with ME [116], and APP-1
expression is driven by tumor necrosis factor.

Free radicals in moderate amounts are normal in that they
play a key role in metabolism and immunity. However,
significantly large amounts of free radicals have been
implicated in ME [117]. Baraniuk and colleagues [116]
found that patients with ME have a longer rather than shorter
version of the gene CNDP1 (carnosine dipeptidase) and the
longer version of this gene impairs the ability of the brain to
protect itself from free radicals. CNDP1 degrades carnosine,
which is a free radical scavenger and increases corticosterone
levels. In this manner, low carnosine levels may contribute
to increased oxidative stress.

Oxidative stress has also been shown to be associated
with neuroinflammation [118]. de Lange and colleagues
[119] observed significant reductions in grey matter volume
in patients with ME, which appeared to be due to neuro-
inflammation. This finding appears to be similar to the grey
matter loss in Alzheimer’s Disease which 1is, in turn,
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hypothesized to be related to chronic inflammatory cytokine
production in the brain [120]. Kindling may also be what
is responsible for the high levels of oxidative stress in
patients with ME due to the dysfunction of ion channels in
conjunction with ion transport [120-122]. Nitric Oxide, a
free radical and an important biological regulator that plays a
key hypothesis in the pathogenesis of ME [18, 19], is another
source of oxidative stress in this disease [123].

Martin Pall’s [124] Nitric Oxide hypothesis states that
when a virus, bacteria, mold, toxin, microbe or allergy
activates the immune system--and this can occur with
patients with ME who are fighting these viruses and bacterial
infections--the immune system reacts by producing
excessive amounts of nitric oxide. Furthermore, Paul Cheney
[125] states when NMDA (N-methyl-D-aspartate) receptors
on neurons are activated, they likewise trigger nitric oxide
production, introducing more free radicals into the ME
patient. Superoxide, another free radical, is produced in the
mitochondria of the cell and is produced during energy
production; that is, for every molecule of ATP (energy)
generated, one molecule of superoxide is generated. Enzymes
embedded in the mitochondria can break superoxide down to
hydrogen peroxide and then to water. This enzyme cannot do
its job without proper amounts of selenium and glutathione.
If superoxide leaks out of the mitochondria, it combines with
nitric oxide (found outside the mitochondria), nitric oxide then
combines with superoxide in a 1:1 relationship to produce
one molecule of peroxynitrite. Peroxynitrite is an oxidant
which, like nitric oxide and superoxide, also creates free
radicals, causing oxidative damage. In addition, peroxynitrite
increases the levels of both nitric oxide and superoxide which
then react to produce more peroxynitrite. Once peroxynitrite
levels are elevated, they continue the elevation, thus producing
a self-sustaining cycle. These pathways lead to high amounts
of free radicals in patients with ME, and when taken together
with the events described above, all contribute to oxidative
stress damage seen in the CNS of these patients. To
ameliorate these effects, coenzyme Q10, which some
patients have found to be helpful in dealing with ME
symptoms [126], binds to excess superoxide so that it cannot
couple with nitric oxide to produce peroxynitrite.

3.2. Neuroimaging in ME
3.2.1 Structural Neuroimaging

Preliminary studies relying on visual inspection methods for
investigating abnormalities on MRI scans revealed small,
punctate white matter hyperintensities [131, 134] in patients
with ME. An early MRI study involving 144 patients from
the Incline Village Nevada outbreak reported 78% of those
patients showed white matter hyperintensities predominantly
in subcortical regions [125]. Greco and colleagues [138]
observed white matter abnormalities were greater in patients
with ME without co-morbid depression or psychiatric disorders.
However, two other studies [119, 147] using voxel-based
morphometry and found no differences in white matter
volume, but instead both studies found markedly reduced
grey matter volume in patients with ME. Okada et al. [147]
reported the prefrontal cortex in patients had 16.9% less grey
matter volume, while de Lange ef al. [119] reported that
patients had an overall reduction (8%) of global gray matter
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Table2. Observational case-control studies using neuroimaging methods to investigate ME.*
Author/Year N Imaging Investigation Key Findings
Method
Ichise et al. 60 patients SPECT Regional cerebral perfusion < rCBF ratios in frontal, temporal, parietal, occipital lobes,
(1992) [133] 14 controls and basal ganglia.
Natelson et al. 52 patients MRI White matter hyperintensities Majority of white matter lesions found were located in
(1993) [134] 52 controls in patients screened for subcortical regions.
depression with BDI.
Schwartz et al. 16 patients MRI Intracranial functional and Abnormalities on SPECT scans in patients > controls.
(1994) [135] 15 controls SPECT structural abnormalities Patient abnormalities in SPECT scans > MRI scans.
Cope et al. 11 patients + MDD MRI Neuropsychological test No significant differences in test performance were found
(1995) [136] 15 patients battery between sample groups.
18 controls Psychiatric assessments Psychiatric assessment scores correlated with subjective
13 MDD White matter abnormalities measures of cognitive dysfunction.
White matter lesions found in all 3 groups.
Costa et al. 40 patients SPECT Brain perfusion Generalized brain hypoperfusion, particularly in brainstem
(1995) [137] 13 patients + MDD and bi-lateral frontal cortex. Brainstem hypoperfusion
14 patients + Psych differentiated patients with ME from depressed patients.
60 controls
Greco et al. 15 patients MRI White matter Statistical trend of greater white matter abnormalities in the
(1997) [138] 14 patients + MDD ME subgroup without depression or psychiatric disorder.
14 patients + Psych
Tirelli et al. 18 patients FDG-PET Brain metabolism Hypometabolism in brain stem differentiated patients from
(1998) [139] 6 MDD those with depression.
6 controls
Lange et al 21 patients MRI White matter /N small, punctuate, subcortical white matter hyperintensities
(1999) [131] 18 patients + Psych in frontal lobes.
18 controls
Brooks et al. 7 patients 'H MRSI Hippocampal volume and No significant difference in hippocampal volume was found.
(2000) [140] 10 controls cerebral metabolites including ' amounts of N-acetylasparate (NAA) concentrations in
markers of neuronal density patients indicating neuronal damage in right hippocampus.
(NAA), cellular bioenergetics,
cell membranes and glial cells
Lange et al. 28 patients MRI Lateral ventricular volumes; Larger ventricular volumes in patients at near significance
(2001) [141] 15 controls Left-right hemisphere level.
subcomponents
Lewis et al. 22 monozygotic SPECT Regional cerebral blood flow No significant differences in regional cerebral blood flow
(2001) [142] twins discordant for were found.
patients
Kuratsune et al. | 8 patients PET Cerebral uptake of \ acetylcarnitine in prefrontal cortex (BAs 9, 46), temporal
(2002) [143] 8 controls acetylcarnitine lobe (BAs 21, 41), anterior cingulate (BAs 24, 32), and
cerebellum.
Chadhuri et al. 8 patients 'H MRSI Metabolic functioning of /N choline containing compounds in patients
(2003) [54] 8 controls left basal ganglia in patients suggesting functional changes occurring in the
neuron membrane of the basal ganglia.
Schmaling et al. | 15 patients SPECT Differences in CBF during rest Perfusion incontrols > patients in the anterior cingulate
(2003) [144] 15 controls and during the PASAT during baseline and experimental conditions.
cognitive task of auditory Patients’ anterior cingulate perfusion approached control
working memory. group levels during cognitive task, on the contralateral side.
Siessmeier et al. | 26 patients FDG-PET Cerebral glucose metabolism Metabolic abnormalities detected in half of patients, mainly

(2003) [145]

18 controls

in the orbital frontal lobe.
No relationship found between
fatigue and glucose metabolism.
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(2008) [158]

22 controls

using voxel-based
morphometry

I .
Author/Year N maging Investigation Key Findings
Method
de Lange et al. 16 patients fMRI Anterior cingulate, Increased activation in visual areas in response to motor imagery task.
(2004) [146] 16 controls visual regions Ventral anterior cingulate inactive in patients during error trials.
Okada et al. 16 patients MRI Grey & white matter < grey-matter volume in bilateral prefrontal cortex.
(2004) [147] 49 controls VBM and association Fatigue severity associated atrophy in the right
with fatigue severity dorsolateral prefrontal cortex.
scores. No differences in white matter volume.
Yamamoto et 10 patients PET Density of serotonin < 5-HTTs found in rostral anterior cingulate in patients.
al. (2004) [148] | 10 controls transporters (5-HTTs) 5-HTT alterations associated with increased pain ratings.
Cleare et al. 10 patients PET 5-HT, s Receptor < 5-HT;, binding potential in patients is widespread and
(2005) [149] 10 controls Binding in patients particularlyfound in the hippocampus.
de Lange et al. | 28 patients MRI Grey matter, white \ global grey matter volume in patients.
(2005) [150] 28 controls matter using voxel-
based morphometry
Lange et al. 25 patients fMRI Verbal working /N effort expenditure in patients associated with activation in more
(2005) [151] 22 controls memory during a extensive regions of the working memory system.
complex auditory
processing task
Caseras et al. 17 patients BOLD Verbal working /N activity during low task load in bilateral medial prefrontal regions,
(2006) [152] 12 controls fMRI memory using n-back rostral anterior cingulate.
task to measure task When task load increased, major nodes of WM system (dorsolateral
load effects. prefrontal, parietal) became less active while inferior temporal gyrus
were more active.
Tanaka et al. 6 patients fMRI Auditory \ responsiveness in patients with fatigue-inducing task.
(2006) [153] 7 controls responsiveness while Rate of task responsiveness associated with subjective
performing a fatiguing fatigue sensation.
visual search task.
Yoshiuchi et al. | 16 patients Xenon-CT | Absolute cerebral blood \ absolute CBF in left and right middle cerebral artery areas in the
(2006) [154] 9 patients + Psych flow entire patient sample. Patients-No Psych group had
7 controls more regions of reduced cerebral blood flow
than patients-Psych group.
Cook et al. 9 patients BOLD Mental fatigue using /N reaction times and errors in patient associated with
(2007) [155] 11 controls fMRI auditory fatigue increasing mental fatigue.
inducing tasks /M activation in frontal, temporal, cingulate and cerebellar regions
associated with mental fatigue.
< activation in the left posterior parietal cortex in
response to mental fatigue.
Sherlin et al. 17 twin pairs LORETA Spatial locations in the /N current source density for delta band in left uncus and
(2007) [156] discordant. brain associated with parahippocampal gyrus found in patient co-twins.
patient twins. /N current source density for theta band in cingulate gyrus and right
precentral gyrus found in patient co-twins.
Caseras et al. 12 patients BOLD Imaginal experience of Patient ratings to fatiguing video clips were higher than controls.
(2008) [157] 11 controls fMRI fatigue using a fatigue /M activity in medial parietal cortex and precuneus, posterior cingulate
provocation task gyrus, and parahippocampal gyrus.
{ activity in prefrontal cortex.
Fatigue was predicted by increased activity in the caudate
nucleus for both groups.
de Lange et al. | 22 patients MRI Gray matter volume < grey matter in patients at baseline and follow-up.

Grey matter volume was modestly reversed by graded exercise therapy
intervention in some but not all patients.
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(2015) [166]

25 controls

Author/Year N Imaging Investigation Key Findings
Method
Mathew et al. 16 patients 'H MRSI Lactate concentrations in lateral /N mean lateral ventricular lactate concentrations in patients
(2009) [159] 14 GAD ventricular cerebrospinal fluid differentiated from GAD and control groups.
15 controls Patients’diagnoses accounted for 43% of the variance.
Flor-Henry 61 patients BK- Spatial patterns of EEG and their Significant differences in spatial patterns and source
etal.(2010) 80 controls Beamformer | associated source cortical distributions | distributions between groups in alpha and beta bands across
[160] EEG Source in alpha and beta. all conditions and resulting high classification rates
Analysis separating both groups.
Murrough et al. | 17 patients 'H MRSI Ventricular cerebrospinal fluid lactate /N cerebrospinal fluid lactate levels in 13 patients compared
(2010) [161] 21 MDD levels to controls and were related to severity of mental fatigue.
19 controls
Barnden et al. 25 patients MRI, fMRI Grey/white matter VBM regressed < white matter in the midbrain associated with increasing
(2011) [162] 25 controls against clinical scores years in fatigue duration.
' grey matter in brainstem predicted by seated pulse
pressure measures.
Biswal et al. 11 patients ASL Absolute cerebral blood flow. < absolute global CBF in 9 patients while 2 patients
(2011) [163] 10 controls demonstrated the opposite result.

Puri et al. 26 patients MRI Grey/white matter VBM < grey matter volume in patients found in bi-lateral occipital
(2012) [130] 26 controls region, left parahippocampal gyrus, and right angular gyrus.
Shungu et al. 15 patients 'H MRSI Oxidative stress, cerebral /N ventricular CSF lactate and & GSH in ME, MDD groups
(2012) [164] 15 MDD ASL MRI hypoperfusion, mitochondrial compared to controls.

15 controls P MRSI dysfunction: < regional cerebral blood flow in left anterior cingulate and
- Ventricular cerebrospinal fluid right lingual gyrus compared to controls, but no statistical
(CSF) lactate differences between ME and MDD were found.
- Cortical glutathione (GSH) to No differences in high-energy phosphate metabolites.
measure antioxidant capacity
- Regional cerebral blood flow, high-
energy phosphate assessment of
mitochondrial dysfunction
Yamamoto et 11 patients PET Neurotransmitter receptor binding /N serum antibodies and \ neurotransmitter receptor binding
al. (2012) [165] | 11 controls potential and associated serum levels in a subset of patient sample suggesting penetration
autoantibody levels into the brain following BBB impairment in those patients.
Zinn et al. 50 patients eLORETA Spatial locations and temporal /N current source density in delta band predominately in
(2014) [94] 50 controls patterns of current source densities bi-lateral frontal/limbic areas.
within the neocortex and their /N current source density in beta band bi-laterally, in
association with scores on two superior parietal and sensorimotor areas.
subjective fatigue measurements Maximal current source densities for delta band in left
Broca’s area predicted by higher scores on the
Multidimensional Fatigue Inventory (MFI-20),
reduced motivation subscale.
Zeineh et al. 15 patients DTI, ASL Fractional anisotropy in /M fractional anisotropy in the right posterior arcuate fasciculus
(2015) [132] 14 controls white fiber tracks and right inferior longitudinal fasciculus in right handed patients.
Cerebral blood flow { bi-lateral white matter present in patients.
No differences were found in cerebral blood flow.
Barnden et al. 25 patients MRI, fMRI Voxel-based quantitative analysis of /N myelination in prefrontal cortex,

T1w and T2w MRI signal level.
Behavioral measures of
anxiety and depression.

related to disease severity.
< white matter volume found in the midbrain in patients.
Severity effects were independent of anxiety and depression.

ASL = arterial spin labeling; CT = computerized tomography; BOLD fMRI = blood oxygen dependent functional magnetic resonance imaging; MRI = magnetic resonance imaging;
'H MRSI = proton magnetic resonance spectroscopy imaging; PET = positron emission tomography; FDG-PET = 18-flourodeoxyglucose positron emission tomography; SPECT =
single-photon emission computerized tomography; XeCT = xenon enhanced computed tomography; LORETA = low resolution electromagnetic tomography; eLORETA = exact low
resolution electromagnetic tomography, DTI = diffusion tensor imaging. *Studies without a control group were omitted.
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volume. In another voxel-based morphometry study
involving 25 patients with ME and 25 age/gender-matched
controls, Barnden ef al. [162] found that white matter
volume decreases in the midbrain were associated with
increasing fatigue duration and grey matter atrophy in the
brainstem was positively associated with seated pulse
pressure measures. Barnden speculated that astrocyte
dysfunction could account from some of the observed
changes. Additionally, among 26 patients with ME and 26
age/gender-matched controls, Puri ef al. [130] found patients
with ME had reduced grey matter volume in the occipital
lobes, the right angular gyrus and the posterior division of
the left parahippocampal gyrus, and reduced white matter
volume in the left occipital lobe. Finally, in a recent study
using MRI and diffusion tract imaging, Zeineh ef al. (2015)
found decreased global white matter in patients as well as
higher fractional anisotropy values in the right posterior
arcuate fasciculus, a white fiber tract connecting brain areas
primarily involved in language and speech production.
Taken together, these studies indicate structural changes may
be occurring in patients and those changes might be causing
alterations in functional connectivity and contributing to
fatigue. While further replication is needed, these findings
are promising in establishing the basis of impaired cognitive
function in patients.

3.2.2. Functional Neuroimaging

Use of functional magnetic resonance imaging, single-
proton magnetic resonance spectroscopy (SPECT) and positron
emission tomography (PET) have also been used to study
cognitive dysfunction in ME (see Table 2). In addition to the
white and grey matter abnormalities mentioned earlier,
reduced cerebral blood flow has been reported globally as
well as in the frontal and occipital lobes of ME patients. Neary
and colleagues [79] found that, in addition to significant
exercise intolerance, patients had reduced prefrontal
oxygenation in comparison to controls, suggesting altered
cerebral oxygenation (hypoxia) and blood volume in the
brain. Early SPECT found hypoperfusion in varying regions
of the cerebral hemispheres and brainstems of patients with
ME [135, 137]. Deficits in ME cerebral flow and perfusion
have also been found using near-infrared spectroscopy [167],
Xenon gas diffusion computerized tomography [154], and
magnetic resonance arterial spin labeling [163]. Shungu and
colleagues [164] found increased ventricular lactate and
decreased cortical glutathione, as well as lower regional
cerebral blood flow in the left anterior cingulate cortex and
the right lingual gyrus in patients with ME. However, work
by Fischler ef al. [168] and MacHale et al. [169] could not
confirm any deficits in ME cerebral perfusion. SPECT, CT,
and MRI-based methods are limited as they cannot be used
during tilt table tests.

While examining autonomic dysregulation, cerebral
impairments have been found during orthostatic challenges.
For example, Ocon, Medow, Taneja, Clarke, and Stewart
[170] studied a subset of subjects with Postural Orthostatic
Tachycardia Syndrome (POTS) who, after being placed
upright during tilt-table testing, had decreased cerebral blood
flow. Additionally, there are discrepant findings regarding
cerebral blood flow may be due to the differing ways of

Jason et al.

measuring the response of cerebral blood flow velocity to
arterial pressure or due to the fact that these symptoms occur
with less frequency among patients with ME.

Contrary to the aforementioned functional imaging
evidence showing CNS hypofunction, Wyller, Eriksen, and
Malterud [171] hypothesize that sustained arousal is the
primary mechanism of ME. Wyller ef al. suggest clonidine
may effectively reduce this arousal. Morriss, Robson, and
Deakin [172] have found that low doses of clonidine act pre-
synaptically at alpha-2 adrenoceptors to inhibit noradrenaline
function, and using this drug with patients with ME enhances
growth hormone and cortisol release, and increases speed in
the initial stage of a planning task. Accordingly, Nijs and
colleagues [173] suggest that acetaminophen, serotonin-
reuptake inhibitor drugs, selective and balanced serotonin
and norepinephrine-reuptake inhibitor drugs, the serotonin
precursor tryptophan, opioids, NMDA-receptor antagonists,
calcium-channel alpha(2)delta (a28) ligands, transcranial
magnetic stimulation, transcutaneous electric nerve stimulation
(TENS), manual therapy and stress management could
theoretically be used to desensitize the central nervous
system in patients.

Finally, an intriguing set of experiments by Hilty and
colleagues [174-176] found that nerve impulses from the
muscle inhibit the primary motoric area (M1) during an
energy-demanding exercise; but after narcotization of the
spinal cord, the corresponding fatigue-related inhibition
processes become significantly weaker. The thalamus and
the insular cortex exhibited an increase in activity shortly
before the interruption of a tiring, energy-demanding
activity, while the inhibitory influences on motoric activity
were actually mediated via the insular cortex. As the fatigued
progressed, communication between the insular cortex and
the primary motor area became more intensive. These
findings further indicate that the brain plays a major role in
muscle fatigue.

Linking brain abnormalities with cognitive function,
studies of brain rhythms have consistently demonstrated the
relationship between quantitative electroencephalography
(qEEG) and ME. Oscillatory patterns, which reflect underlying
differences in the speed and timing of neuronal communication
within local and long distance networks [57], appear to be
deregulated primarily in the lower frequencies in ME.

It appears that brain rhythm studies [78, 95, 177, 178]
likewise demonstrate a connection between cortical dysfunction
and cognitive impairment in ME. qEEG abnormalities
include spike and sharp waves, which have been associated
with seizure activity in the cortex [179, 180]. In Donati and
colleagues [179] spikes were found to be most common in
the temporal region, which contains the hippocampus, thus
implicating memory disturbance. It is known that the temporal
lobes have a predilection for infection by the herpes virus in
acute herpes encephalopathy and encephalitis [181]; therefore,
the findings may be related to post-viral mild encephalopathy
which could cause the self-reported memory and attention
problems. Another use of qEEG is connectivity analysis;
Duffy, McAnulty, McCreary, Cuchural, and Komaroff [182]
found that qEEG connectivity measures were able to
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discriminate patients with ME from healthy controls and
from those with major depression with nearly 90% accuracy.

Another measure of cerebral activity, based on qEEG
data, is source analysis [183-188]. Three studies using qEEG
source analysis [94, 156, 160] found evidence of brain
dysregulation which indicates reduced efficiency of
information processing in patients with ME. This type of
analysis allows measurement of the limbic system as well as
the cortex, and the finding by Sherlin [156] of increased
delta sources in the left uncus and parahippocampal gyrus of
affected twins with ME is associated with blunted affect,
apathy, and reduced motivation. Sherlin’s findings were
similar to Nickl-Jockschat ef al. [189] who conducted a
meta-analysis of MRI studies involving 917 patients with
mild cognitive impairment which showed that cognitive
decline was associated with a pattern of grey matter atrophy in
deeper limbic structures including the parahippocampal gyrus.
Interestingly, two recent sleep studies found lower delta in
subjects with ME; Le Bon and colleagues [190] found that
ME was associated with lower ultra-slow (0.5-0.8Hz) delta
power and Decker ef al. (2009) also observed varying delta
abnormalities in patients. Taken together, these studies
suggest that delta slow-wave activity could be a key factor in
differentiating between patients with ME and controls.

In a different method of source analysis, Flor-Henry,
Lind, and Koles [160, 191] found significantly greater current
source density in the left frontal-temporal-parietal regions of
the cortex among the patients with ME, which would
account for executive functioning deficits as well as
perceptual reasoning problems.

M. A. Zinn et al. [94] performed a source analysis using
exact low-resolution electromagnetic tomography (eLORETA)
and found widespread cortical hypoactivation among
patients with ME, with elevated delta sources in 50% of the
frontal lobe and 19% of limbic lobe regions of interest
including the anterior cingulate and orbital frontal gyrus. A
co-occurrence of beta-2 sources was also found bilaterally in
18% of the parietal lobe regions of interest including the
paracentral lobule (sensorimotor cortex), posterior cingulate,
and precuneus, indicating compensatory activation. Furthermore,
portions of the left frontal lobe and left limbic lobe were
positively associated with scores on a fatigue measure (MFI-
20) with reduced motivation as the only predictive factor.
This study found objective quantification of central nervous
system dysregulation providing evidence of specific nodes
within brain networks that might be involved in producing
ME symptoms of cognitive impairment or “brain fog”.

3.3. Measuring Neurocognitive Dysfunction

Central nervous system dysfunction can be measured in
vivo and functional imaging data, as indicated by the array of
biological measures above. Objective testing can also occur
using the neuropsychological and cognitive tests such as the
Cambridge Neuropsychological Test Automated Battery
(CANTAB) [192]. Alternatively, Gudrun Lange (personal
communication, 2/29/2012) suggests that a staged approach
for cognitive assessment can last from 1.5-2 hours, and would
include a WAIS IV abbreviated version, Repeatable Battery for
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the Assessment of Neuropsychological Status (RBANS™)
Form A or B (working memory supplement), Digit Span forward
and backward, Computerized Continuous Performance Test
[Processing speed, Simple reaction time and Vigilance, and
Executive Function], Computerized Category Test, and effort
measures can be derived from Digit Span and RBANS™,

4. SLEEP DYSFUNCTION DOMAIN

Unrefreshing sleep, or reduced sleep efficiency, is one
of the most commonly-reported symptoms of ME [193].
Landis [194] hypothesizes that sleep dysfunction may be a
consequence of the neurological dysfunction of ME. The
Carruthers ME-ICC diagnostic criteria [7] places sleep
disturbance within the neurological impairments domain and
several studies hypothesize that sleep disturbance may reflect
the neurological dysfunction of ME. The particular disturbances
reported are difficulty falling asleep, staying asleep and early
morning awakening [194] as well as non-restorative sleep
which can be seen in the deregulated brain rhythms overall
including an increase in slow waves and a shift in alpha
rhythms [195].

Some investigations (see Table 3) report problems with
delta slow-wave sleep and others with alpha intrusion into
deep sleep [196]. Kishi et al. [197] found that after exercise,
those with ME were significantly more likely to wake than
controls, and had a disrupted rate of transition from REM to
wakefulness than controls. Because the probability of
transition from REM to wake correlated significantly with
increases in subjective fatigue, pain, and sleepiness overnight
in ME, it is possible that these transitions may relate to
patient complaints of unrefreshing sleep. Decker, Tabassum,
Lin, and Reeves [198] found that the homeostatic function of
sleep is disrupted in patients with ME, which could be one
causal factor for the failure of sleep to resolve fatigue.
Decker investigated delta (slow wave) power and found
impaired sleep homeostasis. Delta waves have been
associated with prolonged hypopolarization in the thalamo-
cortical circuit and inhibit cortical neurons, “turning off the
neurons,” disconnecting the cortex from the lower brain
centers and causing the person to fall asleep [180, 199, 200].
Using polysomnography and psychometric assessment, Neu,
Mairesse, Verbanck, Linkowski, and Le Bon [75] found that
patients with ME presented with highest fatigue and those
with sleep apnea-hypopnea syndrome with highest sleepiness
levels. During non-REM sleep, there is a pattern of power
exchange in higher frequency bands at the expense of central
ultra-slow (delta) power.

Also earlier mentioned, using quantitative EEG data,
Donati ef al. [179] found temporal-lobe spiking, consistent
with seizure activity, which are typically found after
traumatic brain injury and extreme sleep deprivation. Using
a multiple sleep latency test, in which patients were given
the opportunity to fall asleep during five 20-minute nap
periods, Spitzer and Broadman [201] found that 80% of
patients with FM and ME fell asleep in under eight minutes,
an indication of excessive daytime sleepiness. In addition,
DQB1*0602, an immunological marker that is present in
about half of people with narcolepsy, was present in 43% of
patients, five times higher than in healthy people. People



712 Current Neuropharmacology, 2015, Vol. 13, No. 5

Table 3.

Jason et al.

EEG polysomnography observational case-control studies investigating sleep abnormalities in ME.!

Author/Year of Study

N

Investigation

Key Findings

Whelton et al. (1992)
[206]

14 patients
12 controls

Sleep physiology, viral serology,
linkage to patient symptoms

/N Alpha in patients during non-REM sleep related to
unrefreshing sleep symptom.

Morriss et al. (1993)
[207]

12 patients
12 controls

nighttime sleep disturbance with
relationship to
daytime fatigue.

Did not find significant alpha/delta sleep differences.
7 patients met criteria for a sleep disorder
(initiation & maintenance).

Krupp et al. (1993)
[208]

72 patients
57 multiple sclerosis
40 controls

Sleep assessment, relationship
between sleep, fatigue, and
depressive symptoms.
Polysomnography in a subgroup
of 16 patients
with ME.

/N sleep disturbances reported by patients with
ME compared to MS and controls.
2 of 16 patients in ME subgroup had
alpha intrusions during delta sleep stages.
10 of 16 patients in ME subgroup had sleep abnormalities.

Fischler et al. (1997)
[209]

49 patients
20 controls

Compare polysomnographic
variables between groups for
possible sleep disturbances.

< percentage of stage 4 sleep in ME.
/N problems with sleep initiation and maintenance in ME.

Neu et al. (2007) [210]

28 patients (female)
12 controls (female)

Examine relationships in sleep
efficiency parameters and
subjective measures of sleep

quality.

Poor subjective sleep quality in ME.
No differences found in sleep efficiency index or slow wave
sleep patterns.

Armitage et al. (2007)
[211]

13 pairs of monozygotic
twins discordant for ME

Power spectral analysis of
response to sleep regulatory
challenge.

Patient co-twins had a blunted slow wave activity response
to sleep challenge.

Kishi et al. (2008) [212]

22 patients (female)
22 controls (female)

Dynamic transition analysis of
sleep stage patterns.

/N time in non-REM & stage 1, much less time in stages 2,
3 and 4.

Togo et al (2008) [213]

12 patients
12 patients + fibromyalgia
26 controls

Polysomnographic relationships in
sleep-disrupted breathing or
periodic leg movement disorder.

< Total sleep time, sleep efficiency, and REM sleep in ME.
< Length of uninterrupted sleep time in patients with
sustained levels of pain and fatigue after sleep.

Decker et al. (2009)
[198]

35 patients
40 controls

Sleep homeostasis in patients
using EEG power spectral
analysis.

< delta power in patients during slow wave stages
/N delta during stage 1 and REM.
\ alpha power in patients in stage 2,
slow wave sleep and REM.
< lower theta, sigma (12-14), beta in patients during stage
2, slow wave sleep and REM.

Armitage et al. (2009)
[214]

13 pairs of monozygotic
twins discordant for ME

Polysomnography analysis, EEG
power spectral analysis, alpha-
delta relationships

No differences in Polysomnographic measures were found.
No differences in EEG power during REM and all other
sleep stages.

Kishi et al. (2011) [215]

14 patients
12 patients + fibromyalgia
26 controls

Sleep stage transition probabilities
and rates, sleep continuity.

/N probability of REM to waking transition in
patients with ME.
/N rates of transitions in patients+FM
< continuity of stage 2 sleep in patients+FM

Le Bon et al. (2012)
[190]

10 patients
10 controls

EEG power spectral analysis
including ultra-slow (0.5-0.8 Hz)
delta power.

< Ultra-slow delta absolute power was 1/5 that of controls

Kishi et al. (2013) [197]

17 patients
16 controls

Effects of exercise on sleep
dynamics: transition probabilities
and rates, sleep continuity with
relationship to subjective
fatigue, pain, sleepiness,
depression, and anxiety.

/N disruption of REM sleep in patients related to increased
subjective fatigue levels.
/N quality of sleep in both groups after exercise, but patients
reported greater subjective fatigue.
Patients did not fully normalize sleep dynamics with

exercise.

'Studies without a control group were omitted from this table.
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with narcolepsy sleep poorly at night and have excessive
daytime sleepiness. Spitzer and Broadman [201] believe that
patients with ME and FM have a lesion in the ventral-lateral
preoptic nucleus of the hypothalamus, which is critical to
initiating and maintaining sleep.

Stress can trigger mast cells, which are heavily populated
in the thalamus (located next to the sleep/wake center in the
hypothalamus), to release the stimulant histamine. Excessive
mast cells and their release of stimulants could be one of the
reasons that sleep is interrupted in patients with ME and FM.
Mast cells act as an immunologic defense against external
pathogens, and there are 5 to 14 fold increases of these cells
in the top layer of the skin in 100% of patients with FM
[202]. Kindling may impact mast cells and the release of
histamine in the thalamus, resulting in disrupted sleep
patterns among patients with ME.

4.1. Measuring Sleep Dysfunction

Unrefreshing sleep, disturbance of sleep quantity, or
rhythm disturbance have been documented by polysomno-
graphy [203]. However, Togo and Natelson [204] found that
standard polysomnographic methods did not differ between
ME and healthy control groups, but patients with ME who
reported more sleepiness after a night’s sleep showed
significantly higher fractal scaling exponent (1) of beat-to-
beat RR interval dynamics in heart-rate variability analysis
during non-rapid eye movement sleep than healthy controls.

Sleep dysfunction can also be assessed by using the
Pittsburg Sleep Quality Index [205], which measures sleep
disruptions and sleep quality. Using qualitative interviews,
Gotts [216] first found that sleep disturbances experienced
were highly unpredictable and variable over time among ME
patients. Next, using self-reported sleep diaries, Gotts found
that afternoon-evening napping was associated with greater
impairment in daytime cognitive functioning in patients with
ME. Gotts’ next study revealed four sleep-specific phenotypes
that are amenable to different treatment approaches. Using
single-night polysomnography, 30% had a primary sleep
disorder. Gotts also found that sleep duration, wake duration,
sleep efficiency, sleep stages were consistent across two nights
of assessment. Gotts’ work provides excellent methods for
documenting the disturbed sleep, which is a major problem
for patients with ME, but is highly variable between and
within individuals.

5. SECONDARY SYMPTOM SUBTYPES

5.1. Immune Subtype

Exploring viral causes in ME has generated considerable
interest with regard to their role in ME over the past several
years [217, 218]. The consensus among ME case definitions
is that immune manifestations may be related to the type of
onset. However, many individuals who initially had an active
viral onset, may, at a later time, have lower titers of the same
viruses (became dormant). If this occurs, at this later time,
immune symptoms might not be a distinguishable feature of
the illness [31]. This view is supported by the lower
prevalence of viral-like symptoms when compared to the
three primary domains discussed earlier [8, 193]. Therefore,
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immune manifestations might be a subtype of ME, but not a
cardinal symptom. Nonetheless, immune symptoms are
important, as Hardcastle and colleagues [219] grouped
individuals into healthy controls, moderate/mobile ME, or
severe/bedridden ME; and immune deregulation correlated
positively with patient reports of severity.

5.1.1. Kindling and Infection

The kindling effect is hypothesized to be one possible
mechanism which continues to exacerbate symptoms long
after the initial infection has cleared, thereby possibly
playing a role in the etiology of the illness. For example,
Elfaitouri et al. [220] evaluated patients with ME and non-
ME (including blood donors, Multiple Sclerosis, Systemic
Lupus Erythematosus), and found a peptide from Chlamydia
pneumonia HSP60 detected IgM in 15 of 61 (24%) within
the ME group, but only 1 of 399 (.25%) within the non-ME
group, suggesting that a subset of the ME group had
infection-induced autoimmunity. It is important to remember
that pro-inflammatory cytokines are produced within the
central nervous system in response to infection and that the
presence of viruses increase activation of macrophages,
which produce a release of interleukin-1 beta (IL-1B), a pro-
inflammatory cytokine, causing an alteration in the electrical
activity of the brain (altered the EEG) [221]. This sequence
of events could occur with kindling.

Another pro-inflammatory cytokine, interleukin-six
(IL-6), is produced by cells within the brain after exposure to
viral infections contributing to the development of seizure
activity [222]. It is well known that among patients with ME,
the production of pro-inflammatory cytokines (IL-1p and IL-
6) is correlated with acute sickness behavior (i.e., fever,
malaise, pain, fatigue, and poor concentration) and that levels
of pro-inflammatory cytokines may also be correlated with
ME symptom severity. Some studies have found increases in
both pro- and anti-inflammatory immune responses, while
others found an attenuated inflammatory response when ME
cultures were exposed to lipopolysaccharide (LPS) mitogen
[223]. Thus, prolonged exposure to these cytokines may
actually induce a state of chronic activation and kindling
[224] along with pre-existent kindling which can also induce
the production of pro- and anti-inflammatory cytokines, in
turn worsening subthreshold kindling through a process of
prolonged activation [225].

Administering the pro-inflammatory cytokine tumor
necrosis factor alpha (TNF-a) has been shown to increase
seizure activity in animals [226] and seizure activity has
known kindling involvement [226-228]. TNF-a is a cytokine
involved in systemic inflammation, and it stimulates the
release of corticotropin-releasing hormone (CRH), therefore
stimulating the hypothalamus-pituitary-adrenal (HPA) axis,
placing individuals who have higher levels of these pro-
inflammatory cytokines at greater risk of developing ME. In
support of this proposition, Vollmer-Conna et al. [224]
found that severe illness following an infection was more
likely to occur among individuals with high levels of IFN-y
(a pro-inflammatory cytokine) and low levels of IL-10 (an
anti-inflammatory cytokine). In addition, elevated levels of
pro-inflammatory cytokines can lead to increases in levels of
nitric oxide, and as described earlier, this nitric oxide can, in
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turn, react with superoxide to form the powerful oxidant
peroxynitrite, resulting in oxidative stress.

Morris and Maes [229] speculate that initial infection and
immune activation leads to a state of chronic peripheral
immune activation driven by activated oxidative and nitrosative
stress pathways. Raised levels of oxidative and nitrosative
stress cause progressive elevation of autoimmune activity,
and these processes provoke central nervous system activation
in an attempt to restore immune homeostasis. In support of
this theory, Maes, Mihaylova, ef al. [230] found greater
autoimmune responses directed against anchorage molecules
and oxidatively-modified neo-epitopes discriminated patients
with ME from those with depression. Maes, Twisk, and
Ringel [231] compared inflammatory and cell-mediated
immune responses between depression and ME. They found
plasma proinflammatory cytokines were significantly higher
in ME than a depression patient group.

Fletcher ef al. [232] have suggested that the VN receptor
vasoactive intestinal peptide receptor 2 (VPACR2) may
induce an anti-inflammatory IL-10 response and could account
for the suppression of cell-mediated cellular cytotoxicity.
Although expressed in many tissues, the VPACR2 protein is
highly expressed on the surface of T cells in patients with
ME, which likely reflects the increase in Th2 cytokines
[233]. VPACR?2 has been shown to modulate the expression
of IL-10 and other anti-inflammatory cytokines [233].
Binding of VPACR2 inhibits the expression and release of
pro-inflammatory cytokines and acts to increase the secretion
of anti-inflammatory factors [234], which further confirms a
skewed Th2 immune response.

Along with increases in VPACR2 expression, Brenu et
al. [233] and Fletcher, Zeng, et al. [235] found Natural Killer
cell function to be low. Brenu, van Driel, et al. [236]
examined cytokine secretions measured by stimulation of
peripheral blood mononuclear cells. NK cytotoxic activity
was significantly decreased in patients with ME, and the
authors propose that this could be a biomarker for ME.
Brenu, Ashton, ef al. [237] found a significant reduction in
the expression levels of miR-21, in both the NK and CD8+T
cells in patients with ME. The expression of miR-17-5p,
miR-10a, miR-103, miR-152, miR-146a, miR-106, miR-223
and miR-191 was significantly decreased in NK cells of
patients. The authors conclude that changes in miRNAs in
cytotoxic cells may disrupt effective cytotoxic activity along
with other immune functions.

A review article by Klimas ef al. [21] highlights a
number of promising immune biomarkers associated with
ME. For example, Dipeptyl peptidase IV/ CD26, a marker
for chronic immune activation, is dysregulated in ME [235].
A substrate for this dipeptidase is neuropeptide Y (NPY),
which was elevated in patients with ME [232] and correlated
with symptom severity, including fatigue.

Going beyond conventional analytic methods that focus
on the expression of individual markers, network-based
approaches have found promising differences in immune
regulatory processes [238-240]. Broderick er al. [238]
applied network analysis to cytokines in patients with ME
and healthy controls, and outcomes were consistent with a
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latent viral infection (i.e., attenuated Th1 and Th17 immune
responses, an established Th2 inflammatory milieu, and
diminished NK cell responsiveness). In another network
study, Broderick, Klimas, Fletcher, and Efroni [239] found
there were no genes expressed with a 2-fold difference
between ME and healthy controls at rest. However, 18 such
genes were differentially expressed at rest among patients with
Gulf War Illness. Under physiological challenge, individuals
with Gulf War Illness and ME showed distinct differences
from each other and healthy controls. When moving to peak
effort from rest, 166 genes became differentially expressed from
rest in healthy controls, 50 genes responded to challenge at
peak effort in Gulf War Illness but only one was expressed in
ME at peak effort versus rest. So, Gulf War Illness showed a
partial early response to maximal exercise challenge, but
those with ME were unresponsive. Differences in gene
expression implicated 90 documented pathways with the
majority being linked to immune metabolism.

A group in Chicago has also used network analysis and
found that MS and ME are characterized by a pro-
inflammatory connective phenotype. Sorenson, Furst, Mathews,
and Jason [241] found that patients with ME had IL-4, IL-5
and IL-13 connective phenotypes consistent with the Th2
phenotype. However, IFN and IL-12 were connected normally
and hence the Th1 pathway was untouched by the illness.

Using Neural-Network Classifiers to differentiate ME
groups and non-ME control groups, Hanson, Gause, and
Natelson [242] found only one cytokine interleukin-4 remained
in their final model, suggesting a shift in the ME group to a
type 2 cytokine pattern. Another study also compared
computational tools with and without feature selection for
predicting ME using genetic factors such as single nucleotide
polymorphisms [243]. They found a significant association
of NR3Clwith ME compared to non-fatigued controls,
which suggests that NR3C1 may be involved in biological
mechanisms with ME (the NR3C1 gene encodes the protein
for the glucocorticoid receptor). Others have used machine
learning algorithms to show that an inflammatory adipokine
leptin could distinguish with 78.3% accuracy high from low
fatigue days among a sample of ten women with ME [244].

Lerner and colleagues [245] had treatment success with
patients with ME who had EBV, HCMV, and HHV6 in
single or multiple infections. They found that 79 of 106
(74.5%) patients experienced significant improvements in
functioning after herpes virus subset-directed antiviral
treatment. Those with other co-occurring disorders (e.g.,
Lyme disease) had less favorable outcomes. More recently,
they [246] found prolonged elevated antibody levels against
the encoded proteins EBV dUTPase and EBV DNA
polymerase in a subset of patients with ME but not in
controls, suggesting that this antibody panel could be used to
identify these patients. Evidence for the persistence of infectious
agents has been found by Embers et al. [247], who infected
Rhesus macaques with B. burgdorferi and then provided
them with aggressive antibiotic therapy. These investigators
found that B. burgdorferi can withstand antibiotic treatment,
suggesting the same may occur in humans.

Loebel et al. [217] recently found that EBV nuclear
antigen (EBNA)-IgG titers were low or absent in 10% of



Myalgic Encephalomyelitis: Symptoms and Biomarkers

patients with ME, and when analyzing the EBV-specific
memory B-cell reservoir, there was a diminished or absent
number of EBNA-1- and VCA-antibody secreting cells in up
to 76% of patients with ME. This is evidence for a deficient
EBV-specific B- and T-cell memory response in patients.
The authors suggest that patients might have an impaired
ability to control early steps of EBV reactivation.

Tzartos and colleagues [248] provided information that in
an active Multiple Sclerosis lesion, a latent Epstein-Barr
virus infection can trigger interferon-a production. In other
words, while the virus was not actively replicating, it was
releasing small RNA molecules in the brain, causing
inflammation and damaging nerve cells in the brain, and
thereby causing symptoms. This is of particular interest as
Capuron et al. [249] found that interferon-a was associated
with increases in glucose metabolism in the basal ganglia
and cerebellum and decreases in the dorsal prefrontal cortex
glucose metabolism, which may be contributing to fatigue in
medically ill patients.

In a recent (2015) phase 2 study designed to establish
the therapeutic efficacy of Rituximab, Fluge er al. [250]
found that infusions of rituximab (Rituxan), which depletes
B cells, led to significant and sustained clinical responses in
64% of patients with ME with 11 out of 18 continuing to
improve at 3-year follow-up. Nine controls experienced
no effect, until they were also infused (at 12 months after
study start), at which time they likewise had significant
improvement. The results suggest that, for some patients,
ME could be an autoimmune disease variant involving
B-lymphocytes.

Jason ef al. [251] combined their four non-pharmacologic
treatment groups into two categories, improvers and non-
improvers, based on a measure of physical functioning (as
measured by the SF-36, with higher scores indicating better
functioning). About half of the participants in each group
were improvers and the other half were non-improvers. For
these two groups, there were no significant baseline
differences in physical functioning. However, at follow-up,
physical functioning scores for improvers increased from
43.9 to 66, whereas non-improvers’ scores declined from
50.4 to 42.2. What was most remarkable between these two
groups was that improvers had decreased T and B cells and
elevated NK percentage numbers at baseline, whereas non-
improvers had an elevated humoral immune response
(in other words, a dominance of the Type 2 over the Type 1
immune response) at baseline. Those with the most severe
immune baseline characteristics tended to be non-improvers.
As this illness is associated with a shift toward a Type 2
immune response, those with this pattern at baseline tended
not to improve over the course of the trial.

More recently, Falkenberg, Whistler, Murray, Unger, and
Rajeevan [252] found perforin expression was normal during
rest, but then decreased during a stress test and an hour and a
half after the stress test, the levels increased dramatically,
suggesting problems regulating functioning in response to
stress. Patients with were later subdivided into low and high
methylation rates, and those with high methylation rates had
significantly lower perforin gene expression just after
exercise.
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Hornig ef al. [253] examined 52 ME patients early in the
course of illness (less than or equal to 3 years) with those who
were ill longer, and the early patients had activation of both
pro- and anti-inflammatory cytokines as well as dissociation
of inter cytokine regulatory networks. In a different study,
Hornig and colleagues [254] analyzed cerebrospinal fluid
from patients with ME (who had been ill for 7.6 years on
average), MS and normal subjects. Network analysis indicated
immune activation in the central nervous system (i.e., a shift
toward T helper type-2 pattern associated with autoimmunity).

5.1.2. Measuring Immune Dysfunction

The presence of immune dysfunction could be measured
by elevations in CD5+CDI19+ subset and decreased
natural killer cell cytotoxicity [255]. Other potential markers
include immune activation [e.g., elevated cytokine levels,
inflammatory markers (elastase, efc.), immune dysfunction
(e.g., RNAse L fragmentation, Th1-Th2 cytokine markers),
and immunosuppression [e.g., 1gG subclass deficiencies
(IgG1 and IgG3), NK Cell activity including perforin and
granzyme levels). The most promising strategies might be
those that use network analyses, as suggested by several
investigators [238-241]

5.2. Autonomic Subtype

While orthostatic intolerance and other autonomic issues
are an important problem for some patients with ME, they do
not occur with the high frequency as other symptoms such as
PEM, neurocognitive and sleep difficulties [193], and are
therefore considered a sub-type rather than primary symptom.

Stress can be defined as any physical or psychological
threat that induces chemical and physiological changes in the
body when the body detects a challenge to homeostasis and
responds to it by activating the stress response [68]. During
activation, the stress response triggers a wide variety of
hormones and neurotransmitters released through the
hypothalamic-pituitary-adrenal (HPA) axis [256]. These
hormones and neurotransmitters then have numerous effects
on multiple local and remote sites to maintain the immune
system, inhibit non-essential processes such as eating and
keeping the periphery warm, and later returning the body to
homeostasis [257-259].

The stress system is a highly flexible system, designed to
keep the body as close to homeostasis as possible despite the
wide variety of challenges present in everyday living [260-
262]. However, when this system becomes chronically or
recurrently hyperactivated or hypoactivated, the ability of the
body to utilize the stress response to respond appropriately to
physical or psychological challenge becomes compromised.
This compromised state is known as “allostatic load,” [261,
271, 349] reflecting the impact of life experiences, genetics,
disease, efc., thereby impairing the body’s ability to adapt
[68,257-262]. One aspect of stress-related medical problems
can therefore be characterized as a failure of adaptation—a
failure of the system to change in accordance with
environmental, chemical or physical demands [261, 263].
This cascade of events has been consistently associated with
adverse health outcomes [259, 262-264] involving a range of
endocrine and inflammatory disorders, and susceptibility to
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these disorders [259, 262-267] including poorer prognosis in
the disorders listed previously, as well as in other medical
conditions [268-270]. For example, impairments in the stress
system have consistently been associated with abnormal
aging [271] and many other disease states [171, 271-274],
including ME [171]. Moreover, when the stress system is
chronically deregulated, the result is physical changes in
neural circuitry becoming hard-wired through neural
plasticity [265, 275], which in turn supports a condition of a
chronically elevated stress baseline or stress kindling [276-
278]. It is this reduced (or lack of) adaptation that is the
subject of a large body of research, illustrating the role of the
deregulated stress response in health and disease [257, 266,
279] with a smaller but compelling literature regarding the
role of deregulated stress system in ME [280].

It is the autonomic nervous system and the neuro-
endocrine system which regulate the stress response as primary
biological mediators between stress and illness as well as
illness and stress [260]. Therefore, a chronically deregulated
stress response (dysfunctional autonomic nervous system)
can take many forms in that the stress response and the
disease itself may display a bi-directional causal relationship
[281, 282]. In ME, the notion of deregulated autonomic
nervous system involvement in some patients with ME has
been proposed [283], with some authors arguing that the
deregulated stress response is a product of the illness [281]
and others stating that the direction of the relationship cannot
be determined [283]. Regardless of the direction of the
relationship, the stress system in ME is thought to be
unstable through chronic activation [171, 284] or chronic
hypoactivation [22, 257, 258, 283-285].

Over the past 2 decades, the stress system in ME has
been studied by several investigators using a variety of
triggers to study it. Light ef al. [33, 34], using exercise as a
trigger, found that after moderate exercise, two subtypes of
changes occurred within the ME group. In 71% of the ME
group, large gene expression occurred for multiple systems,
including sensory receptors, adrenergic receptors (SNS), and
cytokine receptors, but only 18% of that group had orthostatic
intolerance. However, for 29% of the ME group, there was
only SNS dysregulation, and 71% of these patients had
orthostatic intolerance.

Another system affected by stress system dysregulation
in ME is the cardiovascular system. According to Visser
[286] cardiovascular irregularities seen in ME can be due to
several factors which are associated with the stress system.
Due to the association of cardiac problems in ME with the
stress system, sympatho-vagal balance (measured in heart
rate variability indices—see Malik and Camm) [287] is used
in many ME studies involving different stress triggers. For
example, patients with ME have been shown to have higher
levels of serum catecholamines (stress-related hormones)
[204, 288], which can directly contribute to increased heart
rate but decreased heart rate variability (HRV) [272]. Heart
rate by itself is not a good indicator of stress due to the
multiple influences on it. In contrast, HRV analysis has been
shown to be a reliable and valid measure of ANS (stress)
activity [287]. In HRV analysis, components of the heart
beat are assessed by spectral analysis; high frequency power
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(HF) indicates SNS dominance while low frequency (LF)
power indicates PNS dominance [289]. In ME, there is a
small but growing literature on HRV being compromised
when compared to norms [290-292].

Another measure of stress is blood oxygenation or blood
volume. In a study of blood oxygenation, patients with ME
demonstrated lower blood volume than normals [79]. Taken
together, these studies point to a dysregulated autonomic
nervous system which creates symptoms consistent with ME
symptoms (lightheadedness, dyspnea). Some have argued
that as electrical stimulation to the vagus nerve can block
inflammation, the vagus nerve might be infected, which
could be contributing to inflammation in the periphery [293].

Hollingsworth, Hodgson, Macgowan, Blamire, and
Newton [294] found those with ME had the following
cardiac abnormalities: substantially reduced left ventricular
mass (reduced by 23%), end-diastolic volume (30%), stroke
volume (29%) and cardiac output (25%) and in 2014, Miwa
[288] found 35 out of 36 patients with ME had OI and
significantly smaller left ventricle sizes than normals. These
results suggest that, compared to controls, patients have
significant impairments in stroke volume and cardiac output.
Beaumont et al. [295] found ME was further characterized
by low HRV, greater heart rate reactivity and prolonged
heart rate recovery after cognitive challenge. This study
suggests that there may be an association between reduced
cardiac vagal tone and cognitive impairment in ME. In
another study involving HRV analysis, at rest, low frequency
heart rate variability (LF-HRV; a measure of SNS dominance)
was significantly increased in ME compared to controls,
while parasympathetic markers (high frequency heart rate
variability or parasympathetic predominance) was significantly
reduced [296]. In a study involving blood pressure and HRV
to measure autonomic dysfunction, Frith and colleagues
[297] suggested that abnormalities of blood pressure variability
could serve as a diagnostic tool. Total diastolic blood
pressure (DBP) spectral power was increased indicating a
shift towards sympathetic and away from parasympathetic
systolic blood pressure variability (SBPV). On standing, overall
SBPV response was significantly reduced with reductions in
both sympathetic and parasympathetic components of SBPV.
Using the 85% sensitivity levels, they determined a threshold
for three chosen resting BPV parameters of LF DBP >3.185,
rest HF DBP >0.86, rest total DBP >7.05. Achieving all of
these differentiated between ME and controls with 77%
sensitivity and 53% specificity.

Dysregulation of the ANS in ME is also functionally
related to cardiac arrhythmia, especially in abnormally fast
heart rhythms [297-299]. Cardiac arrhythmias are any
variation from a normal rhythm of the heartbeat with the
irregularities occurring in either rate, regularity, site of
origination or sequence of activation [300]. Arrhythmia can
include abnormal irregular heart rhythms and/or loss of
rhythm [301] and can originate from the upper chambers of
the heart (supraventricular) or lower ones (ventricular). In
POTS, the heart rate increases abnormally quickly upon
standing. A common complaint of patients with ME is that
of skipped, irregular beats (ectopic beats), extra beats, or an
abnormally fast heart rate. In the absence of structural heart
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disease, cardiac arrhythmias can arise from a wide variety of
circumstances with the most prevalent explanation being a
deregulated stress system [26, 325].

Li et al. [302] found that among patients with POTS,
autoantibodies interfere with the system which controls the
ability of blood vessels to constrict, and this is needed to
prevent a drop of blood pressure when a person stands. The
inadequate response to standing leads to a generalized
increase of activity in the ANS, which plays a part in
normalization of blood pressure. The increased ANS activity
in turn increases a prominent symptom in patients with
POTS, increased heart rate. Li ef al. [302] also found a
second group of autoantibodies in some POTS patients
which directly increase the heart rate. In this study, the
combination of these two autoantibodies played a part in the
abnormal heart rate response seen in study participants.

Autonomic dysfunction is common in ME which can also
be seen in another measure of heart rate, the QT interval. In
normal heart rhythm, the QT interval extends from the onset
of the QRS complex to the end of the T wave. Thus, it
includes the total duration of ventricular activation and
recovery in a heartbeat [295]. Even though QT intervals are
difficult to measure accurately, overall, the longer the QT
interval the higher the likelihood of having ventricular
arrhythmia. However, in recent years, another abnormality
found in autonomic dysfunction is short QT intervals,
typically seen in patients with hypocalcemia and in some
disorders of autonomic failure [303]. Since several studies
have demonstrated ANS dysregulation in ME, the QT
interval could be a diagnostic marker for ME. Although
Scott, Norton, Mabillard, and Newton [304] found no
statistically significant difference between the average QT
intervals in the ME compared to the non-ME fatigued group,
the QT intervals were shorter for those with ME overall,
suggesting the short QT interval syndrome may be found in
ME.

Lewis, Pairman, Spickett, and Newton [305] conducted a
study on a subgroup of patients with ME who had been
previously diagnosed with POTS. POTS can be objectively
measured by autonomic function analysis or hemodynamic
responses upon standing. This study revealed that a combined
clinical assessment tool with the Epworth Sleepiness scale
and the orthostatic grading scale was able to accurately
identify those with ME and POTS with 100% positive and
negative predictive values.

Another measure of the ANS is through eye pupil
reaction. Badham and Hutchinson [306] found that when
patients with ME were asked to accurately tracking a moving
object, even for a short time period, dysfunctional eye
movement behavior was found. Hutchinson, Maltby, Badham,
and Jason [307] found that vision-related symptoms might be
particularly discriminative in making the diagnosis of ME.
Sensitivity to bright light, inability to focus vision and loss
of depth perception may all be neurologically related pupil
function, as pupils are mainly controlled by the autonomic
nervous system (and the balance between sympathetic and
parasympathetic nervous systems effectively controls pupil
size and speed of reactivity). These vision-symptoms may be
another sensitive marker of autonomic dysfunction.
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5.2.1. Measuring Autonomic Dysfunction

Autonomic manifestations can potentially be measured
using a tilt table test showing decreased blood pressure and/or
increased heart rate [39] or by using HRV measurement. To
confirm dysfunction, the Composite Autonomic Symptom
Scale has been used [308].

5.3. Neuroendocrine Subtype

Neuroendocrine manifestations have been given secondary
prominence within ME case definitions [31, 309], and empirical
findings indicate they are less prevalent than other core
symptoms [8, 193]. This domain could therefore be referred
to as a subtype. Findings spanning over 30 years demonstrate
decreased HPA activity in ME [281, 310-316] as well as
reductions in peptides such as CRH and ACTH which
stimulate the HPA axis, implicating reduced HPA activity in
the pathophysiology of ME. Many studies, such as those in a
recent review article by Powell, Liossi, Moss-Morris, and
Schlotz [317] find consistently that the cortisol-awakening
response is deregulated in ME and not necessarily total
cortisol. It should be noted here that stress and elevated (or
depressed) glucocorticoids (cortisol) do not covary in an
equivalent manner, and there are individual differences in HPA
function, though it is not well understood, making cortisol
measurement of the stress response problematic [318].

5.3.1. How llIness Affects the CNS

It is well known that survivors of critical illness are a
high risk to develop permanent and severe cognitive
impairment [319]. To the CNS, exposure to illness is an
acute injury [104-106, 319-322], which activates the stress
response and in turn, triggers a number of hormones that are
released and regulated by the HPA axis. These hormones
affect numerous sites in the brain and periphery [323]
including the immune system [324], influencing CNS’s
reaction to the toxic insult of infection [105]. Glucocorticoids
(GC), the most common of which is cortisol, are known for
their anti-inflammatory effects, but only in the periphery;
GCs have been shown to be pro-inflammatory in the CNS
[68, 259, 318, 323, 324], which in turn, contribute to neuronal
damage through inflammation [259, 325]. It is inflammation
which then contributes significantly to the release of cytokines
and free radicals [318]. Also, as previously stated, CRH
induces neuronal excitability, which can lead to seizure
activity [326]. Fevers and trauma can activate CRH receptors
in the hippocampus and amygdala to induce seizures in both
children and rats, and CRH increases the frequency of
spontaneous excitatory postsynaptic currents by as much as
252% [326]. Infections could cause the sub-threshold kindling
effects that eventually increase levels of CRH. Once the
kindling has occurred, the CRH may play a less critical role
in maintaining the kindling, and after time, CRH levels may
become depleted.

Cleare et al. [327] has suggested that hypocortisolism
could contribute to ME by failing to modulate the immune
system. However, Arnett et al. [69] suggest that it is more
likely that an immune dysfunction progresses to ME rather
than a hypoactive HPA axis dysfunction predisposing someone
to ME. Supportive evidence for this is that the length of the
illness is positively correlated with HPA axis dysfunction,
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and efforts to treat ME with corticosteroids have not been
effective. It is also of interest that glucocorticoids have a
more immunosuppressant effect on men than women [328],
and this functional difference in immune systems may result
in a higher pro-inflammatory response to infection in
females. Accordingly, this may aid to explain why about
75% of patients with ME are female.

As previously reviewed, differences have also been
found in the expression of glucocorticoid receptor (GR)
(NR3Cl, the encoding gene for GR) in individuals with ME
when compared to controls [329]. Those with ME may have
decreased sensitivity to the effects of cortisol due to a down-
regulation of GR [330]. In a pediatric ME sample, Jason ef al.
[331] found hypocortisolism and the down-regulated expression
of NR3CI. It is possible that epigenetic alterations in
expression of NR3Cl1 leads to an inflammatory immunologic
profile, which further suppresses cortisol levels through a
process of feedback through bidirectional pathways. The
reduced expression of NR3C1 provides further evidence for
dysfunction of the HPA axis in those with ME. Meyer ef al.
[332] has also found significant differences for NR3C1 between
patients with ME versus controls following a maximal
exercise challenge, suggesting that increased glucocorticoid
sensitivity may contribute to symptoms of post-exertional
malaise for patients.

Histone deacetylases (HDACs) are a group of enzymes
that inhibit the process of DNA unwinding [333]. Among an
elderly sample with ME, Jason, Sorenson et al. [60] found
increased HDAC activity in the context of decreased plasma
cortisol concomitant with decreased expression of the
encoding gene for the glucocorticoid receptor. Therefore, it
is possible that increased HDAC activity may in turn
contribute to a chronic pro-inflammatory state that may
result in the expression of fatigue, through the inhibition of
gene expression.

Chronic cortisol deficiency can cause an overproduction
of pro-inflammatory cytokine IL-6, which has been associated
with symptoms of ME [334]. Lower cortisol [335], as well as
an overactive sympathetic nervous system, could be responsible
for the findings of ejection fraction decreases (the fraction of
blood pumped out of the ventricles per heartbeat) and lower
cardiac output among patients with ME [336].

Jason et al. [251] categorized patients from non-
pharmacologic interventions into abnormal versus normal
baseline cortisol levels. Readings were categorized as
abnormal if cortisol levels continued to rise, was flat, or was
abnormally low over five test times during one day. Patients
with normal cortisol at baseline had the most improvements
over time in activity levels, fatigue severity, depression,
anxiety, and immune system markers. Thus, patients with
normal baseline cortisol evidenced improvements on a
number of immunologic and self-report measures, whereas
patients most impaired on hypothalamic-pituitary-adrenal
functioning at baseline may be least able to improve when
provided non-pharmacologic interventions.

There is also evidence for the existence of a persistent
hyperserotonergic state in some patients with ME [337], and
this refers to synaptic serotonin concentrations. This state
may be related to the inducible form of nitric oxide synthase
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that is produced during inflammation. As mentioned earlier,
high nitric oxide concentrations can activate the NMDA
receptor, which antagonizes the serotonin receptor signal
transduction pathway. Arnett et al. [69] proposed that, as the
pathways of NMDA and serotonin are antagonistic, this
hyperserotonergic state may be an attempt to overcome the
chronic inhibition of serotonergic pathways due to increased
activation of the NMDA pathways.

The serotonin hypothesis links fatigue to increases in
serotonin synthesis and elevations of activities of serotonergic
neurons. Several investigators have found patients with ME
have an abnormally high level of brain serotonin, and this
may contribute to the persistent central fatigue [338]. One pilot
study found that medications that block serotonin (5-HT3)
receptors were followed by at least a 35% improvement in
about one-third of patients with ME [339]. Vassallo et al. [340]
found evidence of elevated activity of presynaptic serotonin
neurons, which could be an area affected by kindling.

Still, there may be subtypes of patients with ME, with
some evidencing decreases in serotonin levels. For example,
Badawy, Morgan, Llewelyn, Albuquerque, and Farmer [341]
found decreased brain serotonin levels in patients with ME.
Yamamoto et al. [148], using PET, found that the density of
5-HTT (the serotonin transporter involved in the reuptake of
serotonin from the synaptic cleft immediately after its release)
of the rostral subdivision of the anterior cingulate cortex was
significantly reduced in patients with ME. These findings
suggest that an alteration in the serotonergic neurons in
the anterior cingulate cortex, specifically a depletion of
serotonin, may play a role in the pathophysiology of some
patients with ME.

Glass et al. [342] found that healthy individuals with
certain biological patterns (i.e., lower cortisol, reduced heart
rate variability, and NK attenuated response to stress)
developed somatic symptoms when asked to stop exercising
for a week. These biological patterns may be some of the other
predisposing neuroendocrine and immunologic irregularities
of some individuals who are at increased risk for
sensitization and kindling, and ultimately, developing ME.

Another possible neuroendocrine problem has recently
started gaining momentum in the research community; that is,
Multiple Chemical Sensitivities (MCS). MCS is characterized
by debilitating chemical sensitivities whereby even small
exposures to chemicals found in many common products (paint,
laundry products, perfumes, smoke, and building materials).
While these exposures make most people ill at high or
persistent levels, those with MCS experience symptoms
after very small amounts of exposure. Baraniuk and Zheng
[343] hypothesize that further research about nonallergic
hypersensitivity pathways will elucidate the etiology of MCS.

5.3.2. Measuring Neuroendocrine Dysfunction

Since neuroendocrine manifestations have frequently
measured levels or patterns of circulating cortisol [316], our
recommendation, based on findings from Powell ef al. [317],
is to assess the attenuation of the cortisol awakening response
increase (e.g., cortisol at awakening minus waking levels).
Neuroendocrine manifestations have also been measured with
the DePaul Symptom Questionnaire (DSQ) [344] confirming
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neuroendocrine symptoms (e.g. feeling hot or cold, night
sweats).

5.4. Pain Subtype

There is consensus among the current ME case definitions
that while pain is experienced by many patients, it is not a
core symptom category of ME [31, 309]. Early findings of
pain can include: headaches associated with neck rigidity
and occipital eye pain, migratory muscle and arthralgia pain,
and cutaneous hypersensitivity. Late findings of pain can
include any of the early findings and also Fibromyalgia-like
pain syndromes [39].

The sensitization theory has been proposed as a possible
explanation for the pain and lower pain threshold in patients
[123, 345, 346]. In this model, repeated or sustained noxious
stimulation can lead to increased neuronal responsiveness
or central sensitization [123], and this stimulation can cause
the spinal cord to become sensitized, or placed into a
“hyperexcitable” state [347]. Martinez-Lavin and Solano
[348] speculate that within the dorsal root ganglia, after
trauma or inflammation due to infection, sympathetic nervous
system neurons gain greater long-term potentiation through
up-regulated ion channels, increasing pain synapses in the
dorsal root ganglia become hyperexcitable to painful inputs.
In other words, patients may have a sensitized central
nervous system, and if the pain inhibitory systems are not
functioning adequately, the central nervous system may
become hyperexcitable.

We are beginning to learn the mechanism for this
sensitization. Following an injury, the dorsal root ganglia are
in a state of neuropathic pain, and glia prolong this state of
neuronal hypersensitization by releasing substances that act
on the immune system [349]. Vargus-Alarcon et al. [350]
suggest that for some patients with severe FM, the sodium
channels of the cell bodies in the dorsal root ganglia act as
molecular gatekeepers for pain detection. When NMDA
receptors of neurons are activated, calcium enters into the
dorsal horn neurons, leading to the synthesis of nitric oxide
[351]. Nitric oxide enhances the release of sensory
neuropeptides, such as substance P [352], and this substance
increases synaptic excitability. When substance P is released
into the neurons, the NMDA receptors become hypersensitive
to glutamate, which is the chief excitatory neurotransmitter
in the brain [353]. High levels of NMDA receptors on a cell
indicate that the cell is hypersensitive to glutamate. As a
consequence, spinal neurons are sensitized, and individuals
have an increased sensitivity to pain. Cooper and Clark [67]
also show how an injury can result in a widespread chronic
multi-system condition (Complex Regional Pain Syndrome 1),
where inflammation spreads throughout the nervous system.

5.4.1. Measuring Pain

Symptoms of pain can be assessed with the DSQ [344] (e.g.,
feeling pain or aches in muscles, experiencing headaches) or
the well validated McGill Pain Questionnaire [354].

6. BIOCHEMISTRY IN ME SYMPTOMOLOGY

With all the studies reviewed above indicating biological
abnormalities, many physicians do not have access to these
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more sophisticated measures. Blood biochemistry in ME
(complete blood counts) tends to fall within normal
laboratory ranges, but it is important to note that there are
discernable differences within the reference ranges. For
example, Niblett et al. [355] conducted a case-control
comparison of blood cell data which revealed that those with
ME had a significant decrease in red cell distribution width
but increases in mean platelet volume, neutrophil counts, and
the neutrophil-lymphocyte ratio, suggesting alterations in
physiologic homeostasis. In the same study, the overnight
urine output and rate of amino acid excretion were also both
reduced in the ME group, and there were significant decreases
in the urinary excretion of asparagine, phenylalanine, the
branch-chain amino acids, and succinic acid, as well as
increases in 3-methylhistidine and tyrosine.

Of course, more advanced types of testing have found
many different types of abnormalities, and we will review
just a few more as we end this section. For example, Booth,
Myhill, and McLaren-Howard [356] worked with patients
diagnosed with ME and normal, healthy controls, and found
that all patients had measureable mitochondrial dysfunction,
which significantly correlated with the severity of the illness.
In another study involving gene expression, Piraino, Vollmer-
Conna, and Lloyd’s [107] examined discrete symptom domains
which included fatigue and possible genetic associations, the
T allele of the IFN-y +874 T/A SNP was associated with
increased fatigue, whereas the C allele of the IL-10 -592 C/A
SNP exerted a protective effect on neurocognitive impairment.
Using saliva samples to analyze protein profiles, Ciregia et
al. [357] found 13 proteins with a different expression in ME
versus controls indicating the inflammatory response.

7. IBROMYALGIA

Comparable findings occur within studies of Fibromyalgia
(FM), establishing considerable shared variance between the
two medical problems. In a recent study by Keller [358],
46% of patients with FM versus 17% among controls were
found to have reduced nerve fiber density in their leg biopsy
to below the fifth centile of the predicted value, which is
considered evidence of small-fiber polyneuropathy; other
investigators have confirmed this observation [359-361]. In a
study of autonomic nervous system activity, Chalaye,
Lafrenaye, Goffaux, and Marchand [362] found significantly
increased heart rate but reduced blood pressure in a sample
of patients with FM. The Default Mode Network is a set of
brain regions which are functionally active when an
individual is focused inward. Brain imaging studies have
found reduced functional connectivity in the Default Mode
Network in FM [363, 364], providing an objective marker
that tracks changes in spontaneous chronic pain in FM while
Hargrove et al. [365] found reduced EEG power in the frontal
lobes of the cortex, elevated power in the central lobes and
widespread reduced functional cortical connectivity in a
sample of 85 patients and 85 controls. As cognitive and
motor operations are dependent on the frontal and central
lobes [366], there is growing evidence for cognitive
impairment and impaired motor control in FM.

These and similar studies demonstrate that more fine-
tuned investigations are discovering biological abnormalities
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for individuals with both FM and ME [20, 21], providing
evidence for the biological underpinnings of these domains/
symptoms and possible biomarkers. In addition, we have
provided evidence for the 'kindling hypothesis' [14, 61, 63,
367, 368] as a model for better understanding of the etiology
of some ME symptoms.

8. DISCUSSION

In reviewing ME case definitions, it does appear that
there is consensus on the requirement for symptoms within
the PEM and neurocognitive domains. Given the high
prevalence of sleep disturbances, it might also be considered
a central symptom of ME. Whereas immune, neuroendocrine,
autonomic and pain domains are less prevalent for patients
with ME, we propose that these areas might be considered
subtypes. A number of secondary symptoms that may fall
under different sub-groups, and some individuals may have
ME with several subtypes such as both pain and autonomic
domains, and there is growing evidence for the importance
of subtyping patients [369]. Whereas standard medical tests
infrequently identify ME abnormalities, research reviewed in
this article suggest there are a number of promising central
nervous system, inflammatory, circulatory, neuroendocrine,
and pain markers of impairments. These biological findings
could be used in demarcating critical domains and subtypes
of ME.

In this article, we have recommended reduction of the
key symptoms to a minimum followed by identifying sub-
groups based on additional symptoms. The case for these
ideas would be significantly strengthened if the data were
available to show that the proposed key symptom domains
accounted for the greater proportion of disability as
measured by the physical functioning scale of the SF-36.
However, in contrast, it may be that primary symptoms are
not present at all stages of the illness. Future studies may be
directed toward determining the role of the secondary
symptoms in how they contribute to illness burden. For
example, pain is the major contributor to incapacity and
self-reported symptoms, and some might therefore challenge
its relegation to secondary status.

In a recent review article, Johnston, Brenu, Staines, and
Marshall-Gradisnik [370] found that differences in method
of assessment was possibly due to the heterogeneity in ME
prevalence, and they urged researchers to exercise caution
for estimates of prevalence determined by the self-reporting
of symptoms alone. There is much potential in using more
biological methods to confirm differences in diagnostic
classifications [371]. For example, Brenu et al. [236] found
natural killer cell activity significantly decreased for both the
Fukuda [5] and the ME-ICC [7] case definitions, but only
those diagnosed with the ME-ICC had significant correlations
between physical status and some immune parameters.

We have only touched upon issues of the case definition
in this review. Some might feel that the Canadian ME/CFS
criteria [6] might suffice as a new case definition of ME.
Unfortunately, in Johnston et al. [370, 372] review of 31
CFS prevalence studies, 8 different case definitions, and only
one study reported prevalence according to the Canadian
Consensus Criteria.
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One candidate for an ME case definition is the International
Consensus Criteria for Myalgic Encephalomyelitis (ME-
ICC) [7]. Jason et al., [10] contrasted the ME-ICC criteria
with the Fukuda et al. [5] CFS criteria. Findings indicated
that the ME-ICC criteria identified a subset of patients with
more functional impairments and physical, mental, and
cognitive problems than the larger group of patients who met
the Fukuda et al. [5] criteria. However, the patients who met
the ME-ICC criteria also had significantly greater rates of
psychiatric comorbidity. The ME-ICC criteria requires 8
symptoms, and the Holmes ef al. [373] CFS criteria were
previously criticized for having a similar number of somatic
symptoms, which can increase chances of identifying those
with somatization disorder.

Methodological developments, such as the use of
network analysis of cytokines and data mining might
ultimately aid in this effort to match ME biological markers
to a case definition. Machine learning or data mining is one
of these techniques which could help compare and contrast
case definitions as well as determine the types of symptoms
that may be most useful in accurately diagnosing ME. In
particular, data mining can uncover patterns in the data that
would not be evident to humans because of the size and
complexity of the data.

Given the diagnostic complexity of ME, and the multiple
case definitions available for clinical and research
application, there is a need for comprehensive medical tests
to identify dysfunction in core domains, as well as much
more sensitive self-report tools to aid in symptomatology
assessment, such as the DePaul Symptom Questionnaire
[344] which has demonstrated high test-retest reliability. A
well validated measure capable of classifying individuals with
ME using a variety of case definitions, allows researchers
across settings to identify groups with more homogenous
phenotypes. Consistent identification of more homogenous
patient samples could possibly assist in the pursuit of
biomarkers for ME.

Conceptual models influence our research as well as our
development of case definitions. Our work in this article has
been based on a model that has heuristic appeal, and it posits
that neurotropic viral infections could be responsible for the
appearance of lesions in the brain and the presence of focal
epileptiform seizure activity in patients with ME. It is
possible that kindling could play a major role in the
promotion of these seizures, given that kindling has been
shown to increase brain dysregulation as seen in abnormal
significant increases in slow EEG frequencies (i.e., EEG
delta (1-4 Hz) and/or theta (5-7 Hz) [66, 374, 375]. EEG
slow waves are produced by the thalamus, which receives its
input from the amygdala [375, 376] and hippocampus [378]
in response to brain damage [379, 380]. Though the exact
mechanism is still under investigation, there is an impressive
body of literature indicating the components of the effect of
kindling on brain rhythms, which in turn, affect cognitive
abilities [78]. Reactivation of various herpes viral infections
and/or chronic mycoplasma infection causes abnormal
production of cytokines, which can lead to increases in levels
of CRH [225]. CRH then elevates the frequency of spontaneous
excitatory postsynaptic currents by as much as 252% [326]
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which may be among such routes [377] increasing seizure
susceptibility in the hippocampus [381, 382]. Consequently,
CRH receptors in the amygdala may induce seizures [326],
through limbic eleptogenesis [66] and the stress response
[383] which can cause dendrites to more densely populate
the amygdala [384]. In some cases, cortical lesions caused
by herpes viridae infections fade before MR documentation
can take place. Lesions may then reappear under specific
conditions of environmental stimuli, a process that fits well
with the relapsing and remitting nature of ME. Within the
brain, psychological stress can change homeostasis, especially
within areas of the prefrontal cortex and anterior cingulate,
which in turn influence the limbic system [271, 385, 386], so
kindling in these areas may cause continuous sympathetic
nervous stimulation that would eventually lead to glandular
depletion, affecting the stress response and the limbic
system. There are clear non-infection routes into ME, and
brain damage can occur from other sources such as chemicals
or accidents (symptoms of post-concussion syndrome include
PEM and alcohol intolerance) to begin this posited neuro-
inflammatory state.

In long-term potentiation, synaptic strength increases
between co-firing neurons after brief but repetitive stimulation,
and this has many similarities to kindling. LeDoux [387]
refers to these cell assemblies as being particularly resistant
to extinction; so, for some patients, this hard-wiring may
only be regulated rather than extinguished. Gupta [388]
believes that activation of the amygdala causes continuous
sympathetic stimulation that is a predominantly unconscious
process over which patients have little control, but it
eventually leads to mental and physical exhaustion as well as
glandular depletion. Wyller ef al. [171] proposed compatible
theories, stating that sustained arousal is the primary
mechanism of ME.

However, as an example of the contradictory findings in
this area, a recent randomized trial of clonidine [389] found
that low-dose clonidine is not clinically useful in pediatric ME,
even though low-dose clonidine did attenuate sympathetic
outflow and systemic inflammation in ME, and had a negative
effect on physical activity. The investigators conclude
that sympathetic and inflammatory enhancement may be
compensatory mechanisms. In other words, they found that
neither sympathetic enhancement nor low-grade systemic
inflammation contributes to symptoms and disability in ME,
as postulated in the sustained arousal model.

In the future, we might find new proteins that strongly
influence the persistence of viruses. For example, Toll-like
receptor 7 (TLR7) is a protein encoded by the TLR7 gene. It
recognizes infectious agents and mediates the production of
cytokines that are needed for immunity. In mice, if this
protein is not present, mice are not able to clear infections
throughout their lives. This might have implications for
people who have persistent viral infections, and particularly
for patients with ME [390]. However, Hooper, Hightower,
and Hooper [391] proposed that viral infections can induce a
deficient cell stress response and thereby impairs stress
tolerance and makes tissues vulnerable to damage. If this is
true and that ME is due to a nonspecific response to viral
infection, Hooper ef al. [391] believe that the search for a
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specific virus may not be worthwhile. In addition, Agliari,
Barra, Vidal, and Guerra [392] suggest that the immune
system might experience Pavlovian conditioning following
exposure to stimulus that lasts a long time (such as what
occurs with viral infections such as Epstein-Barr virus).

New classes of drugs are emerging that might have
important implications for reducing inflammation and
arousal in patients. With animal models, there is research on
these new classes of drugs (MW 151 and MW 189) that address
neuroinflammation, which can easily cross the blood-brain
barrier [393]. These drugs might reduce brain inflammation
in humans that causes progressive neurological damage in
Alzheimer’s Disease, Multiple Sclerosis, Parkinson’s Disease,
and traumatic brain injury. For example, after a traumatic
brain injury, glia cells become hyperactive in the brain and
release a cascade of proinflammatory cytokines; the new
drugs block glial activation and prevent the flood of
proinflammatory cytokines. However, for ME, compelling
recent evidence is emerging of a genetic basis for the immune
and inflammatory aspects of the disease, further identifying
ME as a disorder associated with gene alterations [394].

It should be noted that some theorists believe that ME is
not a discrete disease and that it is futile to attempt to
rigorously define it. For example, several researchers [19,
24] conclude that ME is a neuroinflammatory illness
(resulting in a glutamate/GABA imbalance, oxidative stress
and mitochondrial dysfunction), and they suggest that this
neuroinflammatory state also underlies a number of
psychiatric, neurological and neurodegenerative conditions.
In a sense, all of these conditions might involve an abnormal
balance between glutamate and GABA, and a wide range of
symptom-complexes might be due to glutamate levels being
too high in one brain region and too low in another area.
Therefore, according to this perspective, ME is not a distinct
disease with specific biomarkers. This perspective is not the
viewpoint of the authors of the current article.

With the inclusion of such a large number of sources, one
criticism of this article is that we have not provided much
information of their relative worth. It is of importance to be
cautious in reviewing the results of studies in the ME area.
Many of the cited studies a cross-sectional, so it is not
always clear whether the results reflect biological disturbances
associated with the disorder or are concomitants or
consequences. Also, a number of studies suffer from other
methodological issues such as small sample sizes and not
correcting for multiple testing.

In a review of the literature on biomarkers, Fischer et al.
[371] found studies have been limited by small sample sizes
and differences in methodologies. These authors concluded
that neuroanatomical differences (magnetic resonance
imaging) were found between some patients with ME
and controls, but there is still no unifying explanation for
the diversity of neuroanatomical findings. While some
individuals with ME exhibit impairments using PET, not all
studies have identified neural perfusion abnormalities.
Regarding functional neuroscience characteristics. Regarding
neurofunctional characteristics, fMRI studies have detected
functional differences in neural activity (e.g., heightened
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activity in several cortical and subcortical brain regions)
in some patients. EEG methodologies are currently the
only imaging methods which consistently find functional
differences in awake-state ME research. Overall, Fischer
and colleagues [371] do indicate a number of promising
neurocognitive markers that have been subject to mixed
results. Regarding neurochemical/endocrine characteristics,
findings have included some patients evidencing low basal
cortisol levels, increased serotonin function but reduced
serotonin receptor binding in some but not all patients.
Regarding immunological abnormalities, a number of
studies have found an aberrant immune response with a pro-
inflammatory cytokine profile, but results have been
variable. Studies have also found a shift towards a TH2
response, suggesting a chronic allergic reaction, reduction of
NK cell numbers and function, increased active rates of
infection (HHV-6). Whereas markers such as elevated pro-
inflammatory cytokines (IL1b, IL6, TNF-a) and reduced NK
cell cytotoxicity, reduced NK activity, and reduced HRV are
all useful, they are far from specific. Still, biomarkers could
help characterize patient subgroups in terms of clinical
phenotypes and prognosis, and provide justification for a ME
case definition. Individually and in combination, they point
to systemic low grade inflammation and a system under stress,
potentially indicating neuroinflammation and consistent with
a neurological core pathology.

In our review article, we have also incorporated a number
of references derived from web blogs, conference presentations,
manuscripts submitted for publication, and unpublished
manuscripts. This is very different from the selection criteria
of the recent Institute of Medicine report [11], and we
decided to include many peer-reviewed publications that had
wide variability in quality (see [395] and [396] for the first
author’s views on this case definition). Although there are a
number of methods that can be used to evaluate the quality
of different types of studies, e.g., observational studies
(STROBE), clinical trials (CONSORT), or diagnostic studies
(STARD or QUADAS), we decided to provide for a review
of promising and heuristic studies that may stimulate further
research and conceptual models for understanding ME.

9. CONCLUSION

In summary, having a diagnostic system as illustrated in
this article can provide integration of the disparate findings
that have been documented with patients having ME. At the
present time, many of the findings are based on small
samples, may have methodological issues and use varying
case definitions. There is currently little agreement on
reproducible biomarkers of ME, due in part to ambiguity in
how biomarkers are defined and used [371]. Clearly, there is
a need to adopt a common ME case definition, and then to
use standardized measurement devices to collect both
biological and self-report. Larger data sets can also help
guide investigators toward identifying cardinal symptoms of
ME, and when such data sets are compared with controls, the
process of selecting items with good sensitivity and specificity
is enhanced. These types of developments, along with
sophisticated statistical approaches, could be used to both
define ME and specify the ways of measuring it with a high
degree of reliability and validity.
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