Neuropathology and Neurological Manifestations in ME/CFS and Long COVID
with focus on Post-Exertional Symptom Exacerbation:
a Literature Review

Abstract

A significant proportion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected people
develop long-lasting complaints and are diagnosed with Long COVID. Common symptoms reported by
Long COVID patients include fatigue, post-exertional symptom exacerbation (PESE) and cognitive
dysfunction. Research shows that COVID-19 patients with an acute infection demonstrate abnormalities
in the central nervous system (CNS), which could potentially lead to chronic neurological deficits and Long
COVID symptoms. However, underlying neuropathology remains unclear. A large subgroup of Long COVID
patients resembles patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) in terms
of symptoms and, in many cases, the infectious trigger. A core symptom of ME/CFS is PESE, which is
uncommon in other fatiguing illnesses, but frequently observed in Long COVID patients. Due to the
significant symptom overlap and lack of research on PESE, neuropathology associated with Long COVID
and ME/CFS in general as well as after physical exertion was investigated. Findings indicate that ME/CFS
seems to be associated with various CNS abnormalities which are also proposed for Long COVID. These
include neuroinflammation, reduced brain volume, cerebral hypoperfusion and cerebral spinal fluid
abnormalities. Furthermore, exercise seems to result in exacerbation of neuropathology and symptoms in
ME/CFS, in turn resulting in an increase in neuronal activity required to complete a task. This is
demonstrated by increased brain activity throughout various brain regions following exercise. Importantly,
Long COVID seems to consist of different subgroups of which a large part fulfills the diagnostic criteria for
ME/CFS. Therefore, evidence-based management principles of ME/CFS patients may be transferable to
this subgroup of Long COVID patients. This requires further research, which should take subgroups of Long
COVID into consideration.



Layman summary

Many of the people that get infected with the Coronavirus develop long-lasting complaints and are
diagnosed with Long COVID after the acute infection is gone. These complains can last several months or
years and include fatigue, cognitive impairment, sleeping problems and post-exertional symptom
exacerbation (PESE). Research shows that COVID-19 patients with an acute infection have abnormalities
in their brain, which could potentially lead to long-lasting neurological problems and symptoms. However,
although many researchers are trying to uncover the underlying mechanisms, Long COVID is still very new.
The underlying mechanisms causing and maintaining the disease are therefore unclear. A large group of
Long COVID patients resembles patients with myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS) in terms of symptoms and, in many cases, the viral trigger of the disease. A core symptom of
ME/CFS is PESE, which is uncommon in other fatiguing illnesses, but frequently seen in Long COVID
patients. PESE involves an abnormal worsening of symptoms and cognitive and physical functions after
any type of normal activity. Because of the large symptom overlap and lack of knowledge regarding PESE,
underlying brain-mechanisms associated with Long COVID and ME/CFS in general as well as after physical
exertion were investigated. The findings of this review indicate that ME/CFS is associated with several
abnormalities in the brain which are also proposed to be present in Long COVID patients. Such
abnormalities include inflammation of the brain, shrinkage of the brain and less blood flow to the brain.
After physical exertion, these abnormalities might be exacerbated in ME/CFS patients. This results in a
brain that needs to work harder than the healthy brain to complete a task. It is demonstrated by increased
brain activity in several brain regions after physical exertion and general symptom exacerbation. Since the
two diseases seem to have a large overlap in symptoms and underlying brain-mechanisms, this finding
might apply to patients with long COVID as well. Importantly, Long COVID seems to consist of different
subgroups of which a large part fulfills the criteria for ME/CFS. Treatment and therapy for ME/CFS patients
is therefore likely transferable to this subgroup of Long COVID patients, with explicit attention towards the
PESE phenomenon. More research is needed to uncover the underlying mechanisms as well as correct
treatment approach of these diseases. Future research should take subgroups of Long COVID into account.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a virus which causes the coronavirus
disease 19 (COVID-19) infecting primarily the lungs, yet other organs are also affected (Lou et al., 2021).
Long COVID, or post-acute COVID-19 syndrome (PACS), is a condition resulting from an infection with
SARS-CoV-2. It is typically diagnosed when symptoms persist or develop for at least three months after
onset of the SARS-CoV-2 infection, which is the case in 10%-30% of SARS-CoV-2 infected people (Shah et
al., 2021). Besides the large burden this disease puts on patients, it has a substantial societal and economic
impact (Rajan et al.,, 2021), all of which makes it crucial to disentangle its underlying mechanisms.
Symptoms may occur during or following the acute infection and tend to be unrelated to the initial disease
severity (Davis et al., 2021; Townsend et al., 2020). Common symptoms reported after six months include
fatigue, post exertional malaise (PEM)/post-exertional symptom exacerbation (PESE), cognitive
dysfunction, dyspnea, and non-refreshing sleep (Davis et al., 2021; Michelen et al., 2021; Shah et al., 2021)
(Table 1). Research shows that COVID-19 patients with an acute infection demonstrate abnormalities of
the central nervous system (CNS) such as changes in brain volume and neuroinflammation (Douaud et al.,
2022; Lee et al., 2022; Matschke et al., 2020; Schurink et al., 2020b), potentially causing long-term
neurological deficits contributing to Long COVID symptoms. Despite the rapid development of Long COVID
research, underlying mechanisms remain unsolved and there is, to date, no effective treatment.

Although consensus is still lacking, different subgroups of Long COVID have been proposed based
on current literature (Munblit et al., 2022; Reese et al., 2022; Yong & Liu, 2022). A large subgroup of Long
COVID patients experience reduced physical activity and exercise capacity as well as PESE (Durstenfeld et
al., 2022; Tabacofet al., 2022; Twomey et al., 2021). This, in addition to the common symptoms mentioned
above has large overlap with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) (Jason et al.,
2021; Jason & Dorri, 2022; Sukocheva et al., 2022; Wong & Weitzer, 2021), which is a chronic, multi-
systemic disease characterized by disabling fatigue that is not improved by rest and accompanied by
symptoms associated with immune, autonomic and cognitive dysfunction (Institute of Medicine, 2015)
(Table 1). ME/CFS is a complex disease, often triggered by an infection such as herpesviruses (e.g., Epstein-
Barr virus or human herpesviruses 6A and 6B (HHV-6)) or SARS-CoV-1 and is classified as a neurological
disorder by World Health Organization (WHO) (Institute of Medicine, 2015; Komaroff & Lipkin, 2021;
World Health Organization, 2022). PESE is a core symptom of the ME/CFS and is synonymous with PEM,
but arguably a better description of this symptom. PESE is uncommon in other fatiguing illnesses, it is not
a result of deconditioning, and it involves an abnormal worsening of symptoms and deterioration of both
cognitive and physical functions (Chu et al., 2018). It is triggered by ordinary mental or physical activity or
sensory stimuli, often a delayed, disproportionate response to the exertion and can last days, weeks or
even months. Asin ME/CFS, there is currently no consensus on underlying pathology of this phenomenon
in Long COVID patients, although various biomedical- and provocation studies have identified an abnormal
response to exertion in ME/CFS patients (Davenport et al., 2019). PESE has serious consequences for daily
activity and treatment approach and is often describe it as the most debilitating aspect of the disease
(Brown & Jason, 2020). In Long COVID research, this phenomenon is often overlooked, which may have
adverse consequences for the validity and applicability of results across different Long COVID subgroups.
Another frequently observed phenomenon in ME/CFS is an increase in symptoms while maintaining an
upright position and a relief of symptoms when lying down. This phenomenon is called orthostatic



intolerance and has also been described in people with Long COVID (Amekran et al., 2022; Davis et al.,
2021; Franco et al., 2022; van Campen & Visser, 2022). Although unraveling the underlying neurobiology
of these core symptoms may be crucial to disentangle disease mechanisms, knowledge remains scarce.

Table 1: Summary of the main physical and neurological symptoms in ME/CFS and Long COVID.
Domain ME/CFS Long COVID

Physical symptoms
PESE
Disabling fatigue
Muscle pain
Joint pain
Gastrointestinal symptoms
Shortness of breath
Flu-like symptoms

O KKK
CLO0CKKKX

Neurological/neurocognitive symptoms
Cogpnitive impairment/brain fog
- Memory impairment
- Concentration difficulties
- Attention problems
- Information processing difficulties

CLOCKKKX

Sleeping disturbances
Anosmia

Dysgeusia

Orthostatic intolerance v

CAOLLLKKKKK

The significant symptom-overlap and, in many cases, similar trigger of the two diseases provides
ground for further investigation of potentially common underlying mechanisms. As Long COVID research
is growing rapidly and previous findings in ME/CFS might be unknown to Long COVID researchers, it is
beneficial to investigate potential similarities. This could lead to knowledge transfer, beneficial for
research as well as treatment in ME/CFS and Long COVID. Possible mechanisms causing many of the
mentioned symptoms, particularly PESE, orthostatic intolerance and cognitive impairments, might be
explained by neuropathology demonstrated in both ME/CFS and Long COVID patients. For this reason, the
aim of this review is to provide an overview of neuropathology associated with ME/CFS and Long COVID
in general as well as after physical exertion. In addition, it will be explored whether the knowledge and
treatment approach of the PESE phenomenon and observations of neuropathology following physical
exertion in ME/CFS are transferable to Long COVID.



2. ME/CFS and Long COVID triggers and neuropathology

Although ME/CFS has been observed for many decades, its underlying biology remains unsolved and not
well understood. A biomarker for the disease is still missing, however, numerous abnormalities have been
identified, including central nervous system pathology (Maksoud et al., 2020). In Long COVID patients,
similar findings as well as diagnostic challenges are present (Komaroff & Lipkin, 2021).

2.1 Triggers

ME/CFS can be triggered by physiological stressors such as injury, exposure to toxins, surgery, or the cause
is unknown (Institute of Medicine, 2015). Moreover, patients often report that their symptoms were
initiated by a viral infection, including herpes viruses (e.g., Epstein-Barr and HHV-6), SARS-CoV-1, Ebola
virus, influenza and dengue (Jason et al., 2022; Komaroff & Lipkin, 2021). Such a strong association
between a variety of viruses and ME/CFS implicates an impaired host response that might lead to disease.
It seems plausible that Long COVID is caused by similar mechanisms resulting from the SARS-CoV-2 virus
(Komaroff & Lipkin, 2021). Following such a viral infection or stress response, immune cells such as
monocytes and leukocytes are activated peripherally in the blood and centrally in the organs and CNS.
Normally, after a viral infection or other stressor, the peripheral inflammatory response subsides and
causes no long-term harm. If the inflammatory response persists it may cause damage to the CNS blood-
brain barrier (BBB), usually protecting the brain from peripheral immune responses. In turn, leukocytes
and inflammatory mediators (e.g., cytokines and chemokines) cross blood vessels entering the CNS. Here
they locally induce an immune response and glial cell activation which increases the release of cytokines
and neurotoxic factors (Morris & Maes, 2013b; Renz-Polster et al., 2022). When this response becomes
chronic, as is proposed for ME/CFS and Long COVID, abnormal signaling to the CNS triggers chronic
activation of microglia and astrocytes, mediating the production of proinflammatory cytokines and an
inflammatory response. In turn, this may result in chronic neuroinflammation, which can cause glial cell
dysregulation and neuronal damage. Consequently, this can lead to neural circuit dysfunction and
neurological manifestations (Mackay, 2021; Mackay & Tate, 2018; Monje & Iwasaki, 2022; Tate et al.,
2022).

2.2 Neuroinflammation
2.2.1 ME/CFS

In the past years, the investigation of CNS inflammation in ME/CFS has increased. Methods used to study
neuroinflammation include positron emission tomography (PET) commonly using translocator protein
18kDa (TSPO) binding ligands (e.g. [**C]-(R)-PK11195) (Nakatomi et al., 2014) and magnetic resonance
spectroscopy (MRS) (VanElzakker et al., 2019). Such imaging studies have identified neuroinflammation in
several brain regions of patients with ME/CFS, including the cingulate region, thalamus, hippocampus,
amygdala, midbrain and pons. This is evidenced by increased TSPO signalling, which is expressed by
activated microglia and astrocytes and in turn indicates presence of neuroinflammation (Nakatomi et al.,
2014). In addition, the increased TSPO PET signal in the thalamus and cingulate region correlated with
neurocognitive symptoms such as pain, fatigue and cognitive impairment. Furthermore, in a whole-brain
MRS study in ME/CFS patients, abnormalities in brain metabolites, including an increase in choline, were
found in large parts of the brain, but especially in the anterior cingulate cortex. Due to choline’s important



role in membrane health, it is an indicator of BBB permeability and is closely related to glial activation.
Therefore, it is considered a marker for neuroinflammation (Mueller et al., 2020; VanElzakker etal., 2019).
Similar results (i.e., increased choline) have previously been found in the occipital cortex (Puri et al., 2002)
and frontal white matter (Tomoda et al., 2000).

Another brain region possibly affected in ME/CFS patients is the hypothalamic paraventricular
nucleus (PVN). Triggers of ME/CFS, such as a viral infection or other physiological stressors might target
the PVN, which is a group of neurons within the hypothalamus that have a key regulatory function of the
hypothalamic pituitary adrenal (HPA) axis and autonomic nervous system (ANS) (Mackay & Tate, 2018).
The hypothalamic PVN receives stress signals and activates the HPA axis once these incoming signals are
integrated and processed, therefore regulating whole body homeostasis (Ferguson et al., 2008). In
ME/CFS, disturbances of the HPA axis and PVN have consistently been reported (Mackay & Tate, 2018;
Tomas et al., 2013) and may explain patients’ low tolerance to any kind of stressor and thus causing PESE.
When a certain “stress-threshold” is exceeded due to an ME/CFS trigger or other external stimuli, the
hypothalamic PVN might facilitate a microglial-mediated neuroinflammatory response (see “2.1Triggers”),
impacting the hypothalamus and the limbic-system (Mackay, 2021), leading to a dysfunctional HPA axis. A
dysfunctional hypothalamic PVN and HPA axis is proposed to be a key mechanism maintaining the disease
(Mackay & Tate, 2018; Tate et al., 2022).

Cerebrospinal fluid (CSF) seems to have a distinct profile in ME/CFS, consistent with CNS immune
activation. This is indicated by decreased levels of interleukin (IL) 10, which might be a consequence of
dysfunctional microglia, which produce IL-10. Moreover, IL-10 seems to have a substantial anti-
inflammatory role in the CNS (Peterson et al., 2015). Hornig et al., (2016) found an increase in plasma
levels of CCL11 using a magnetic bead-based 51-plex immunoassay. In addition, elevated protein levels,
white blood cell counts, IL-10 and IL-8 levels have been detected in CSF, though not in the entire patient
sample. The latter was mainly seen in ME/CFS triggered by a viral infection. Such abnormalities are in line
with the reported underlying neuropathology of ME/CFS (Natelson et al., 2005).

2.2.2 Long COVID

Like in ME/CFS, neuroinflammation has recently been identified in Long COVID patients (Petersen et al.,
2022; Visser et al., 2022). Using PET, Visser et al., (2022) observed increased TSPO ligand [*®F]DPA-714
binding throughout the brain of two Long COVID patients, indicating widespread neuroinflammation.
However, the small sample size makes it impossible to draw conclusions and these findings need to be
replicated in larger samples. Another study done by Petersen et al., (2022) detected anincrease in average
extracellular free water and mean diffusivity in the white matter of individuals recovering from mild to
moderate COVID-19 (i.e., 9.7 months post infection) compared to healthy controls. This imaging
characteristic might be an indirect marker of a sustained neuroinflammatory response (Monje & lwasaki,
2022; Petersen et al., 2022). Importantly, this sample did not report any neuropsychological complaints,
raising questions regarding the clinical relevance of these findings.

Elevated levels of cytokines and chemokines in the CSF of Long COVID patients have been identified.
In addition, CCL11 was elevated in the plasma of Long COVID patients, like in ME/CFS. These levels
positively correlate with impaired cognition and neurogenesis (Fernandez-Castafieda et al., 2022).
Interestingly, the levels of CSF 14-3-3 and CSF NfL of acute COVID-19 patients seemed to correlate with



long-term neurological complaints (Guasp et al., 2022). Clearly, Long COVID is a new phenomenon, and
more research is needed to reproduce findings and draw firm conclusions regarding structural and
functional abnormalities in the brain.

Notably, several postmortem studies have identified neuroinflammation in patients with acute
COVID-19, characterized by an increase in activated microglia and astrocytes, in addition to infiltration of
cytotoxic T lymphocytes (Lou et al., 2021; Matschke et al., 2020; Schurink et al., 2020). This was present in
various brain areas, but most prominent in the medulla oblongata, olfactory bulb, brainstem and
cerebellum. These findings might be related to persisting symptoms such as anosmia and deterioration of
the respiratory system in COVID-19 and Long COVID patients (Matschke et al., 2020; Schurink et al.,
2020b). Furthermore, the stress responses resulting from a SARS-CoV-2 infection and its host receptor
(i.e., angiotensin-converting enzyme 2 (ACE2)) might activate the HPA axis. Chronic activation of the HPA
axis may lead to a dysfunctional feedback loop, potentially impairing the ability to adapt and respond to
stressors (Steenblock et al., 2020). These findings resemble those made in ME/CFS patients and are
proposed to play a role in Long COVID as well (Mackay, 2021), as described above for ME/CFS.

2.3 Neurodegeneration

As a consequence of increased glial activation, pro-inflammatory cytokines and thus neuroinflammation,
neurodegeneration may develop. Neurodegeneration involves progressive loss of neuronal structure and
function in the CNS, resulting in chronic impairments (Chen et al., 2016). This phenomenon is commonly
observed in diseases such as Alzheimer disease (AD), multiple sclerosis (MS), Parkinson’s disease (PD) and
amyotrophic lateral sclerosis (ALS), all classified as neurodegenerative diseases.

2.3.1 ME/CFS

The increase in cytokines and general inflammatory states observed in ME/CFS patients indicate a risk of
neurodegeneration. Neurodegeneration may lead to reduced grey and white matter as well as symptoms
such as cognitive dysfunction, which have all been identified in ME/CFS patients (Glassford, 2017; Puri et
al., 2012). Yet, there is currently no evidence that ME/CFS is a neurodegenerative disease. Interestingly,
the disease has many features in common with MS, all of which are in line with typical neurological
impairments (Morris & Maes, 2013a). Like in MS, ME/CFS patients seem to have increased oxidative and
nitrosative stress (O+NS), inducible nitric oxide synthase (iNOS), cycly-oxygenase 2 (COX2) and nuclear
factor kappa-light-chain-enhancer (NF-kB) of activated B cells (Maes et al., 2007, 2011; Morris & Maes,
2013a). Such increases may be accompanied by neuronal damage and death (Carlson et al., 2010; Morris
& Maes, 2013a). In addition, while NF-kB can have a protective function of neurons, its activation in
microglia during neuroinflammation seems to stimulate neurodegeneration (Bonetti et al., 1999).
Importantly, this was identified in MS patients. In sum, it is unclear whether neurodegeneration plays a
role in ME/CFS and more research is heeded to draw conclusions.

2.3.2 Long COVID

The neurotrophic and neuroinvasive etiology of SARS-CoV-2 (Moriguchi et al., 2020) leads to an increase
in proinflammatory cytokines and thus higher levels of oxidative stress (Hascup & Hascup, 2020). The
increase in oxidative stress causes damage to cell membranes and downregulates expression of excitatory



amino acid transporters, preventing the uptake of glutamate. The accumulation of glutamate leads to an
excitotoxic environment which stimulates neuronal damage and death (Hascup & Hascup, 2020; Malik &
Willnow, 2019). In a recent autopsy study, neurodegeneration was observed in the brainstem and its
neural connections in six (i.e., the entire study population) COVID-19 victims (von Weyhern et al., 2020).
Itis unknown if this persists once the acute infection is over. This underlying etiology provides solid ground
for further investigation of this phenomenon in Long COVID patients.

2.4 Otherchangesin brainstructure and functioning
2.4.1 ME/CFS

Other neurological manifestations in ME/CFS include reduced cerebral blood flow. Using computed
tomography (CT), Yoshiuchi et al., (2006) found that ME/CFS patients had reduced blood flow in bilateral
cerebral arteries. Several other studies have identified this phenomenon using Doppler or other imaging
techniques, by measuring flow velocity and vessel diameter of cerebral arteries (Bou-Holaigah et al., 1995;
Razumovsky et al., 2003; Shan et al., 2020; van Campen et al., 2021). Van Campen et al.,(2020a; 2020b)
found that cerebral blood flow was reduced in many patients after both tilt testing and sitting. This explains
the orthostatic intolerance experienced by many ME/CFS patients, including symptoms like dizziness and
lightheadedness (van Campen et al., 2021).

Several neuroanatomical changes have been reported in ME/CFS patients. De Lange et al., (2005)
reported smaller bilateral prefrontal cortex (PFC) volume, while Puri et al., (2012) identified smaller grey
and white matter volumes. This was especially observed in the occipital lobes, while reduced grey matter
was also observed in the right angular gyrus and parahippocampal gyrus. These are highly relevant findings
as they might help explain symptoms such as memory impairment and other functional deficits (Puri et
al., 2012; Rosenthal et al., 2009). Importantly, some studies fail to find such differences between ME/CFS
and healthy controls (Perrin et al., 2010), while others find contradicting results. For example, Finkelmeyer
et al., (2018) demonstrated an increase in grey matter volume of the insula and amygdala, while white
matter volume was decreased in the midbrain, pons and right temporal lobe. White matter reduction is
consistent with symptoms of cognitive dysfunction, as white matter facilitates information processing and
other cognitive operations (Filley & Fields, 2016).

Functional magnetic resonance imaging (fMRI) studies have frequently reported decreased
functional connectivity (FC) or dysfunctional connectivity across various brain regions and neural networks
(Gay et al., 2016; Kim et al., 2015; Shan et al., 2020; Wortinger et al., 2017). This includes FC between the
posterior and anterior cingulate cortices (PCC and ACC) in the default mode network (DMN) (Boissoneault
et al., 2016; Kim et al., 2015). Such disturbances influence many aspects of cognition including fatigue
processing and concentration abilities (Filley & Fields, 2016). Importantly, there is a lack of consistency in
FC findings across studies as some do not find dysfunctional connectivity in these areas (Gay et al., 2016;
Shan et al., 2020). Another recent finding is intracranial hypertension (IH) in brains of patients with severe
ME/CFS. This was established by neuroradiological parameters in an MRI study in which it was found that
83% had signs of IH, which is significantly more than in a healthy adult population. This was reported by
Bragée et al., (2020), who suggest that this may contribute to several ME/CFS symptoms, such as cognitive
complaints, headache, dizziness and fatigue. Similarly, Higgins et al., (2017) previously suggested an
association between ME/CFS-related symptoms and IH.
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2.4.2 Long COVID

Like in ME/CFS, orthostatic intolerance and reduced cerebral blood flow have been reported in Long COVID
patients (van Campen & Visser, 2022). This was found using extracranial Doppler during a tilt table test,
where the decrease in cerebral blood flow was similar in Long COVID and ME/CFS patients. Other
neurological abnormalities reported in Long COVID patients include a general, small decrease in brain
volume, changes in olfactory-related areas, limbic system, cerebellum and white matter tracts. Such
changes include atrophy and increased diffusion measures, indicating tissue damage (Douaud et al., 2022;
Monje & lwasaki, 2022; Paolini et al., 2023). In a recent imaging study, altered resting-state functional
connectivity patterns were observed in the right frontal pole and middle temporal gyrus of Long COVID
patients with cognitive complaints, compared to patients without such complaints (Paolini et al., 2023).
This was studied through multivariate pattern connectivity analysis. It is noteworthy that all participants
had been hospitalized during the acute SARS-CoV-2 infection.

See Table 2 for an overview of neuropathology and onset triggers of ME/CFS and Long COVID.

Table 2: Overview of neuropathology and onsettriggers in ME/CFS and Long COVID.

Domain References ME/CFS Long COVID
Triggers
Viral infection Michelen et al., 2021 v v
Institute of Medicine, 2015
Physiological stressor Institute of Medicine, 2015 v
- Infection v
- Surgery v
- Autoimmune disorders v
Unknown Institute of Medicine, 2015 v
Neuropathology
Neuroinflammation Cook et al., 2017; Nakatomi et al., v v
_ Microglia & astrocyte activation 2014; Petersenetal., 2022; Visseret
. al., 2022
- Increased production of
proinflammatory cytokines
CSF abnormalities Ferndndez-Castafiedaetal., 2022; v v
- Increase in pro-inflammatory Hornig et al., 2016; Natelson et al.,
cytokines 2005; Petersonetal., 2015
Reduced cerebral blood flow Biswal et al., 2011; van Campen & N4 v
Visser, 2022
Structural abnormalities Douaud et al., 2022
- Inthe limbic system Cooketal., 2017 v v
- Cerebellum Mueller et al., 2020 v
- Decreased brain volume De Lange etal., 2005 v v
- Changes throughout the Douaud et al., 2022 v v
olfactory system
- Changes in grey and white Paolini et al., 2023; Shepherd, 2022; v
matter volume Puri et al., 2012
Impaired HPA axis Komaroff & Lipkin, 2021; Mackay & N4 ’)
Tate, 2018; Mackay, 2021
Altered brain connectivity Douaud et al., 2022; Paolini et al., v v

2023; Gay etal., 2016; Kim et al., 2015
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2.5 Impactof physical activity on brain functioningin patients with PESE

Physical activity and exercise are generally associated with a variety of both brain- and physical health
benefits. In short, studies show that aerobic exercise increases hippocampal-, cortical- and white matter
volume, promotes neurogenesis and improves sleep, chronic pain, and mood (Hillman et al., 2008; Reid et
al., 2022), many of which are affected in Long COVID and ME/CFS. Furthermore, these exercise-induced
benefits result in improved cognitive performance, prevention of various diseases and counteraction of
brain aging (Stillman et al., 2020). Generally, prescribed physical activity or exercise therapy is therefore
common and considered highly beneficial across various patient groups (Pedersen & Saltin, 2015; Reid et
al., 2022). Like in the general population, some sub-groups of Long COVID patients likely also benefit from
this approach, as demonstrated by various studies (Ferndndez-Lazaro et al., 2022). However, as different
sub-groups of Long COVID have been described (Yong & Liu, 2022), it is likely that they respond differently
to exercise depending on the nature of symptoms. In this review, there will be a distinction between Long
COVID with and without PESE, with focus on the latter.

2.5.1 Physical activity in ME/CFS

Contrary to the general population and some sub-groups of Long COVID, it seems that exertion leads to
an abnormal response in ME/CFS patients, including worsening of symptoms (Keech et al., 2015; Meeus
et al., 2011; Nijs et al., 2008; White et al., 2010). In a study by Cook et al., (2017), functional brain imaging
data was obtained one week prior to- and 24 hours following submaximal exercise in ME/CFS patients and
healthy controls. It was found that the worsening of symptoms was associated with impaired cognitive
performance and altered brain functioning. ME/CFS patients demonstrated significantly increased brain
activity in the inferior frontal, parietal and cingulate cortices after exercise (Table 3), making their brain
responses distinguishable from healthy controls. The increase in neuronal activity in these areas was
positively correlated with symptoms of PESE (i.e., exacerbation of experienced symptoms and decrease in
overall functioning). This is in line with the critical role of these areas in cognitive processing, pain,
experience of fatigue, filtering of information and executive function. In other words, it is likely that PESE
causes an increase in neuronal activity required to perform a certain task. Importantly, this distinction
between patients and controls was only present after fatiguing tasks and exercises. Healthy controls
demonstrated reduced brain responses in corresponding brain areas after exercise. This finding was
associated with improved cognitive performance (i.e., less errors during a cognitive task), suggesting that
less neural resources are required for both executive functioning and cognitive tasks in the healthy brain.
These results demonstrate opposite responses to exercise in ME/CFS patients and healthy controls as the
greater brain activity observed in ME/CFS patients is associated with reduced cognitive performance and
an increase in symptoms. Similarly, increased blood oxygenation level dependent (BOLD) signals in the
midbrain ascending arousal network nuclei have been reported after exercise, in contrast to healthy
controls who showed no such change (Baraniuk, 2022; Baraniuk et al., 2022). In addition, Washington et
al., (2020) reported increased activation of the dorsal midbrain and insula. Moreover, Rayhan & Baraniuk,
(2021) reported increased activity in de medial prefrontal cortex (mPFC) of the anterior node of the DMN
(aDMN) after submaximal exercise. As demonstrated by Cook et al., (2017), controls showed an opposite
response (i.e., reduced activity in this region). The DMN is a group of brain regions that activate “by
default” during rest and deactivate when executing a task and is involved in processes such as mind-
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wandering and memory retrieval (Spreng & Grady, 2010). Rayhan & Baraniuk, (2021) suggest that the
exercise-induced activation of the mPFC in ME/CFS patients might represent impaired regulatory input
and decoupling from posterior nodes of the DMN, which may be caused by glial dysfunction (Renz-Polster
et al., 2022). This may be a pathological consequence and biomarker of PESE. Finally, White et al., (2010)
reported an increase in cytokines IL-6, IL-8, IL-10, IL-12, IL-13 and IL-1pB in the serum of ME/CFS patients
after exercise, positively correlating with symptom exacerbation. In sum, these results provide objective
findings for the subjective symptoms experienced by ME/CFS patients. In addition, it seems that PESE has
a substantial negative impact on the brain.

2.5.2 Physical activity in Long COVID patients with PESE

A large proportion of Long COVID patients report PESE as one of their symptoms. In line with this, 75% of
participants in a cross-sectional study about the relationship between physical activity and Long COVID
symptoms reported worsening of symptoms after physical activity (Wright et al., 2022). Furthermore, less
than 1% reported improvement of symptoms (Wright et al., 2022). In a study by Davis et al., (2021), 71%
of the participants reported worsening of symptoms after physical activity. These findings indicate that
PESE indeed plays a role in this subgroup of Long COVID patients.

Although the neurological effects of exercise in Long COVID patients with PESE have not received
much attention yet, there are indicators of abnormal CNS responses. Besides the abnormal response in
terms of symptoms exacerbation after physical activity, van Campen & Visser, (2022) identified similar
responses of Long COVID and ME/CFS patients during tilt testing, indicating orthostatic intolerance and
thus reduced cerebral blood flow in in both diseases. In sum, more research is needed to draw conclusions
regarding the effects of exercise in Long COVID patients and whether these might differ across different
subgroups.

Table 3: Overview of neuropathology postexertion in ME/CFS and Long COVID

Domain References ME/CFS Long COVID
Neuropathology Post Exertion
Increased levels of 6 different cytokines White etal., 2010 v ?
Increased brain activity/BOLD signal Cook et al., 2017
- Parietal cortex v ?
- Cingulate cortices v
- mPFC —aDMN Rayhan & Baranuik, 2021 v
- Dorsal midbrain and insula Washington et al., 2020 v
- Midbrain ascending arousal network Baranuik, 2022; Baranuik v

nuclei etal., 2022
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3. Discussion

A large overlap of neurological symptoms has been observed in ME/CFS and Long COVID, including the
specific shared phenomenon of symptom-exacerbation following exertion (i.e., PESE) (Jason et al., 2021;
Twomey et al., 2022; Wong & Weitzer, 2021). Many of these symptoms, both in rest and following
exertion, may be a consequence of CNS pathology. Although post-viral diseases are not a new
phenomenon, the COVID-19 pandemic uncovered a large knowledge gap about the sequalae of post-acute
viral diseases (Choutka et al., 2022). This review therefore aimed to provide an overview of CNS pathology
in ME/CFS and Long COVID patients. In addition, it was explored how physical exertion affected CNS
pathology in these patients. The large number of resources and attention that is being devoted to Long
COVID research bring promise to the highly needed progression in this field, which might benefit several
other patient groups experiencing similar post-acute chronic disabilities, such as ME/CFS patients. Due to
the seemingly large overlap between ME/CFS and Long COVID, another objective of this review was to
assess possible knowledge transfer between the two diseases.

3.1 Overlapinneuropathological findings and consequential symptoms

In line with previous findings, the two diseases indeed seem to have substantial overlap. Not only
regarding symptom profile, but also in terms of CNS pathology such as the inflammatory response and
structural changes. These pathological findings may explain several symptoms of both diseases, such as
cognitive dysfunction, commonly labelled “brain fog” which might appear as result of cytokine production.
An increase in pro-inflammatory cytokines has been observed in both ME/CFS and Long COVID (Fernandez-
Castafieda et al., 2022; Nakatomi et al., 2014; Petersen et al., 2022; White et al., 2010) and is known to
have a profound effect on cognition (Felger, 2018). In one study, the increase in TSPO binding in several
brain areas, indicative of neuroinflammation in these regions, correlated with cognitive symptom severity
of ME/CFS patients (Nakatomi et al., 2014). Moreover, neuroinflammation might result in neural circuit
dysfunction and thus cognitive impairment, all of which are proposed or identified in Long COVID and
established in ME/CFS (Gay et al., 2016; Monje & lwasaki, 2022; Nakatomi et al., 2014; Wortinger et al.,
2017). Additionally, a dysfunctional hypothalamus and HPA axis have, although less clear in Long COVID,
been reported in both diseases (Mackay, 2021; Mackay & Tate, 2018; Steenblock et al., 2020; Tomas et
al., 2013). This may contribute to the low tolerance of stressors and thus PESE, which is a core symptom
of ME/CFS and experienced by many Long COVID patients (Twomey et al., 2021; Wright et al., 2022). It
could also explain several ME/CFS- and Long COVID-like symptoms such as cognitive dysfunction,
hypersensitivity to light and sound, partially also the lack of refreshing sleep, orthostatic intolerance and
fatigue (Friedberg etal., 2014; Mackay & Tate, 2018) Furthermore, decreased brain volume, reduced white
and grey matter and other structural changes have been identified in both diseases (de Lange et al., 2005;
Douaud et al., 2022; Monje & lwasaki, 2022; Puri et al., 2012). Such abnormalities influence many aspects
of cognition including memory, attention and concentration abilities (Filley & Fields, 2016).

Van Campen & Visser, (2022) identified cerebral hypoperfusion and similar physiological responses
to tilt testing in both diseases. This explains the orthostatic intolerance experienced by many patients,
including symptoms like dizziness and lightheadedness. Comparison of the two groups in terms of self-
reported symptoms, severity of symptoms, orthostatic intolerance complaints in daily life and objective
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abnormalities regarding orthostatic intolerance demonstrated highly similar findings as well (van Campen
et al., 2021; Davis et al., 2021; van Campen & Visser, 2022). It was therefore proposed that SARS-CoV-2
infection is the cause of ME/CFS development in these Long COVID patients. In addition, they ruled out
that the orthostatic intolerance was related to deconditioning.

However, some findings were exclusively present in one of the two diseases. Intracranial
hypertension is not discovered in Long COVID patients. This may, however, be due to a lack of research
rather than the absence of this feature in Long COVID. Furthermore, disturbances of the HPA axis and PVN
have not been established nor studied well in Long COVID. Notably, Long COVID seems to be a much more
heterogenous disease than ME/CFS and therefore demonstrates a larger variety of symptoms.
Consequently, findings such as respiratory problems, changes in the olfactory system and thus anosmia
and dysgeusia are specific to Long COVID.

3.2 Post-exertional symptom exacerbation

Symptom exacerbation following exertion is a hallmark symptom in ME/CFS according to current accepted
diagnostic criteria for ME/CFS (Nacul et al., 2021; NICE, 2021). A large proportion of Long COVID patients
also report worsening of symptoms after exertion (i.e., PESE) (Davis et al., 2021; Wright et al., 2022).
However, it is not entirely clear how PESE affects the brain and if findings of CNS pathology in ME/CFS
patients also apply to Long COVID. In ME/CFS patients, findings imply that PESE might reflect exacerbation
of neuropathology such as neuroinflammation or neuroglial dysfunction, which is induced by exertion
(Renz-Polster et al., 2022). In turn, PESE negatively affects the brain and requires increased neural
resources and thus activation of brain areas such as the inferior frontal, parietal and cingulate cortices to
execute tasks and actions. In healthy controls, brain responses after exercise are associated with improved
cognitive performance and reduced brain activation in corresponding areas (i.e., opposite of ME/CFS)
(Baraniuk et al., 2022; Cook et al., 2017; Washington et al., 2020). Rayhan et al., (2021) proposed that
exercise-induced activation of the anterior node of the DMN is a consequence of PESE, although Renz-
Polster et al., (2022) suggests that it indicates neuroglial dysfunction which in turn may cause PESE. In sum,
it seems likely that the described neuropathology can induce a vicious circle-like mechanism in which
neuropathology might cause exertion intolerance and subsequently exertion causes increased
neuropathology and -symptoms.

Although PESE is a common symptom in Long COVID, little research has been done onits effect on
the brain of patients with Long COVID. However, the findings of this review, in line with several other
studies, suggest that the two diseases affect the CNS in similar ways (Komaroff & Bateman, 2021; Mackay,
2021; Tate et al., 2022). This might imply that findings of PESE in ME/CFS patients are likely transferable
to Long COVID patients who experience PESE. If this notion is true, Long COVID patients with PESE should
receive similar treatment as ME/CFS patients (Jason & Dorri, 2022; Shepherd, 2022; Twomey et al., 2021;
van Campen & Visser, 2022). Moreover, future research should explore the described potential biomarkers
of PESE in Long COVID patients who experience this symptom and thus belong to a specific subgroup of
Long COVID.
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3.3 Diagnosticspecificity

Due to the heterogenous Long COVID patient population, diagnostic specificity and sub-grouping is a
determining factor in studies investigating underlying pathology as well as the effect of exercise and
treatment in patients with Long COVID. Diagnostic specificity has also shown to be crucial for research and
treatment approach of ME/CFS patients. Previously accepted and commonly used criteria were less
specific and did not require PESE as a symptom, leading to inclusion of a much more heterogenous group
who might suffer from other chronic and fatiguing illnesses than ME/CFS (Lim & Son, 2020). As a result of
using such heterogenous diagnostic criteria, research might lead to contradicting or irrelevant results, as
is often seen in neurological research in this field. As different subgroups of Long COVID have been
proposed, it is crucial to take these into consideration when conducting research. Therefore, the
proposition that Long COVID and ME/CFS are highly similar diseases might not apply to all subgroups of
Long COVID. Typically, studies report that 13%-58% of Long COVID patients fulfill the ME/CFS criteria after
six months (Davis et al., 2021; Gonzalez-Hermosillo et al., 2021; Jason & Dorri, 2022; Kedor et al., 2021;
Yong & Liu, 2022). Clearly, this proportion varies substantially, which is likely due to the differences in
applied diagnostic criteria (i.e., more specific criteria vs. less specific criteria). Moreover, it seems that Long
COVID patients will be a growing subgroup of ME/CFS. Currently, the complexity of these diseases, small
sample sizes and no controlling for heterogeneity may explain inconsistencies in the literature and lack of
biomarkers. Reaching consensus on case definitions of different Long COVID subtypes should therefore be
a high priority. Furthermore, future diagnostic and therapeutic research should take subtypes as well as
disease severity into account.

Triggers ( Viral infection Other Figure 1. Simplified model and hypothesis of
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3.4 Treatmentapproachof ME/CFSand Long COVID

To this date, there is no effective treatment for ME/CFS or Long COVID. However, the growing body of
evidence pointing towards neuroinflammation has led to trials of drugs with anti-inflammatory properties
(Mackay, 2021), including fractalkine, low-dose naltrexone (LDN) and aripiprazole. LDN and aripiprazole
have already shown promising results in ME/CFS patients by reducing symptoms to varying degrees (i.e.,
“reduction of some symptoms only” to “life changing reduction”) (Bolton et al., 2020; Crosby et al., 2021).

Furthermore, evaluation of treatment methods such as graded exercise therapy has previously
demonstrated some effect for patients with ME/CFS but has generally been of low research quality (NICE,
2021). When only considering the patient group diagnosed with specific criteria with PESE as a core
symptom, exercise therapies did not seem to lead to any clinical improvement or increased work
participation, rather the opposite (NICE, 2021). Preventing PESE seems crucial. It has been shown that
regardless of the type of treatment, the significant factor for improvement in fatigue and function over
time is whether the ME/CFS patient has learned pacing strategies for energy saving, that is, to maintain
appropriate energy consumption in relation to available energy reserves (Jason 2013). Non-
pharmacological treatment should therefore be carefully adapted to each person individually, with a main
focus on symptom management and functional improvement in the long-term. For ME/CFS, pacing seems
to be favored by patients and entails a self-management strategy that facilitates activity with minimal
symptom exacerbation (Centers for Disease Control and Prevention, 2021). This may be beneficial for all
patients experiencing PESE (Twomey et al., 2021); this has been emphasized in the current management
recommendations of WHO for long COVID patients (Health Organization, 2023). Importantly, all Long
COVID patients will not benefit from the same treatments. For example, Long COVID patients who suffered
from acute respiratory distress syndrome or multi-organ failure require a different treatment approach
than Long COVID patients fitting the ME/CFS-subgroup. In fact, exercise might be crucial in the treatment
approach of other Long COVID subgroups, in line with many other chronic and fatiguing illnesses (Reid et
al., 2022).

3.5 Limitations

In this review, several studies with small sample sizes were discussed. As mentioned, many did not take
heterogeneity or phenotypes into account, potentially resulting in invalid conclusions. Inconsistencies in
results may be due to the application of unspecific, older case criteria and diverse subgroups. A limitation
of this review is therefore that this was not explicitly taken into consideration in the presentation of
results. Furthermore, as publication bias occurs with negative findings it is not always clear whether the
absence of pathological findings are in fact not present or not reported. Since ME/CFS is a heavily
understudied and misinterpreted illness and Long COVID is still a very new condition, this may be very
relevant in this field. This review exclusively discussed neurological research, which provides a limited
overview as other biomedical research is highly relevant to disentangle the pathophysiology of ME/CFS
and Long COVID (Davis et al., 2023). Finally, PESE is generally an unknown and unrecognized phenomenon.
Research in Long COVID is therefore often unspecific regarding the presence of PESE. Presented findings
may consequently be rather unspecific towards subgroups and prevalence of pathological findings may be
inaccurate.
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4. Conclusion

Long COVID and ME/CFS have many commonalities, both regarding symptoms and underlying
neuropathology. Neuroinflammation, reduced brain volume and cerebral hypoperfusion are among the
characteristics that have been reported in both diseases, typically resulting in symptoms such as cognitive
impairment, PESE, fatigue and non-refreshing sleep. In ME/CFS patients, exercise seems to cause an
increase in neural resources required to execute tasks or functions. This may be a consequence of
neuropathology causing exertion intolerance and subsequently exertion causing increased
neuropathology and -symptoms. Similar underlying neuropathology and symptoms implies that these
findings might also apply to Long COVID patients with PESE. However, more research is needed to draw
firm conclusion regarding underlying neuropathology and treatment approach of both diseases. As
indicated by the different subgroups proposed for Long COVID, patients suffer from various complaints
and therefore require different treatment approaches. This should be implicated and taken into
consideration in future research and clinical approach.
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