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ME/CFS is a debilitating chronic condition that often develops after viral or bacterial infection. Insight from the
study of Long COVID/Post Acute Sequelae of COVID-19 (PASC), the post-viral syndrome associated with SARS-
CoV-2 infection, might prove to be useful for understanding pathophysiological mechanisms of ME/CFS. Disease
presentation is similar between the two conditions, and a subset of Long COVID patients meet the diagnostic
criteria for ME/CFS. Since Long COVID is characterized by significant vascular pathology — including endothelial
dysfunction, coagulopathy, and vascular dysregulation — the question of whether or not the same biological
abnormalities are of significance in ME/CFS arises. Cardiac abnormalities have for a while now been documented
in ME/CFS cohorts, with recent studies demonstrating major deficits in cerebral blood flow, and hence vascular
dysregulation. A growing body of research is demonstrating that ME/CFS is accompanied by platelet hyper-
activation, anomalous clotting, a procoagulant phenotype, and endothelial dysfunction. Endothelial damage and
dysregulated clotting can impair substance exchange between blood and tissues, and result in hypoperfusion,
which may contribute to the manifestation of certain ME/CFS symptoms. Here we review the ME/CFS literature
to summarize cardiovascular and haematological findings documented in patients with the condition, and, in this
context, briefly discuss the potential role of previously-implicated pathogens. Overall, cardiac and haemato-
logical abnormalities are present within ME/CFS cohorts. While atherosclerotic heart disease is not significantly
associated with ME/CFS, suboptimal cardiovascular function defined by reduced cardiac output, impaired ce-
rebral blood flow, and vascular dysregulation are, and these abnormalities do not appear to be influenced by
deconditioning. Rather, these cardiac abnormalities may result from dysfunction in the (autonomic) nervous
system. Plenty of recently published studies are demonstrating significant platelet hyperactivity and endothelial
dysfunction in ME/CFS, as well as anomalous clotting processes. It is of particular importance to determine to
what extent these cardiovascular and haematological abnormalities contribute to symptom severity, and if these
two systems can be targeted for therapeutic purposes. Viral reservoirs of herpesviruses exist in ME/CFS, and most
likely contribute to cardiovascular and haematological dysfunction directly or indirectly. This review highlights
the potential of studying cardiac functioning, the vasculature, and coagulation system in ME/CFS.

1. Introduction herpesvirus (HHV)-4 (also known as Epstein-Barr virus (EBV)), HHV-6,
and HHV-7, are implicated in ME/CFS [3], and many cases begin with an
initial infection of some sort [4]. Hence, ME/CFS is viewed as a post-

viral illness.

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a
complex, debilitating, multisystem disease that is characterized by

profound fatigue and an inability to withstand certain forms of physio-
logical insult (e.g., physical and cognitive exertion) without symptom
exacerbation [1,2]. Viruses, including herpes viruses such human

In 2021, it was estimated that 1.5 million (low-end value) individuals
suffer from ME/CFS in the USA alone, which is accompanied by a na-
tional economic burden of more than $35 billion per year [5]. The
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prevalence figures are predicted to increase to between 5 and 9 million
[6]. This expected surge in the prevalence of ME/CFS can be mostly
attributed to the virus responsible for the COVID-19 pandemic, as a
subset of patients who contract COVID-19 go on to develop chronic
symptoms that meet the diagnostic criteria for ME/CFS [6-10].

As of yet, biomarkers associated with disease are absent for clinical
use. Furthermore, an FDA-approved treatment is lacking, leaving pa-
tients and clinicians to focus on symptomatic alleviation and symptom
management. As a consequence of the symptomatic burden, many ME/
CFS patients lose a great deal of function and eventually become
disabled. Using the EQ-5D-3 L based health-related quality of life
assessment [11], researchers have shown that ME/CFS patients experi-
ence a quality of life that is considerably worse than that accompanying
other diseases, including cardiovascular disease, certain cancers, mental
illness, and more. Patients suffer severely, and often without clinical aid,
especially since a large proportion of afflicted patients are undiagnosed
[12,13].

Symptom expression amongst ME/CFS patients vary considerably,
and some symptoms overlap with many other conditions including Gulf
War illness, fibromyalgia, infection, and depression [14-16]. Post ex-
ertional symptom exacerbation (PESE) has been deemed a hallmark
symptom for the disease [17], although there still exist difficulties when
using PESE for diagnostic conclusions [18]. PESE is described as the
worsening of ME/CFS symptoms (often referred to as a ‘crash’)
following physical activity (including ostensibly undemanding daily
functions), or even after cognitive exertion and emotional distress [1].
PESE typically lasts over 24 h, and can even induce flu-like symptoms
[18].

Patients predominantly experience unresolved fatigue (independent
of and aggravated by PESE) that is considered pathological due to
resulting impairments. Other symptoms include joint and muscle pain,
intolerance towards exercise, cognitive impairments, headaches,
gastrointestinal issues, flu-like symptoms, and sleeping difficulties
[19,20]. Common comorbidities of ME/CFS are orthostatic intolerance
(OI) and postural orthostatic tachycardia syndrome (POTS) [20,21],
which is thought to be a result of underlying autonomic defects [22].
The severity of orthostatic symptoms influences the functional capa-
bilities of patients [23] and is thus seen as a favoured target for therapy.

Underlying mechanisms are not fully defined, but there is clear ev-
idence that multiple physiological systems are affected, including the
neurological, immunological, muscular, gastrointestinal, cardiovascu-
lar, and endocrine system; defects in metabolism, cellular bioenergetics,
and ion transport systems are also common findings in this disease
population [24-28]. In relation to microbes, ME/CFS might be main-
tained by the persistence of certain viral and bacterial pathogens in
patient tissue and the associated shedding of virulent proteins or prod-
ucts. It has previously been shown that enterovirus infection can persist
in intestinal tissue and lead to the development of ME/CFS symptoms
[29]. Other viruses implicated in ME/CFS include HHV-6, HHV-7,
cytomegalovirus, and EBV [3,30,31], of which EBV and HHV-6 were
recently discovered in the central nervous system of deceased ME/CFS
individuals [32]. Relevantly, viral persistence of SARS-CoV-2 in tissue is
becoming increasingly implicated as a central factor of Long COVID
pathology [33], due to a growing number of studies that show SARS-
CoV-2 RNA or antigens in tissue collected from Long COVID patients
[34-36].

The symptoms associated with ME/CFS hint towards an energy- and/
or oxygen-deficit problem, which can either be explained by defects
associated with perfusion and the exchange of substances between blood
and tissues, by neurological failure, or by defects associated with
mitochondria and cellular bioenergetics, or all of the above. Both
perfusion and mitochondrial issues have been implicated in ME/CFS
[37-43], but elucidation and proof of mechanisms are still required.
Hypotheses for ME/CFS being a disease governed by suboptimal tissue
perfusion have been published [44,45]. With regards to mitochondrial
dysfunction, certain viruses can hijack host systems to further their
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survival [46]. Indeed, the viruses previously implicated in ME/CFS have
the ability to modulate mitochondrial activity of the cells that they infect
[3], and may play a relevant role in pathology. Functional abnormalities
in the nervous system — which have been demonstrated in ME/CFS co-
horts [47-49] - also have potential to explain the manifestation of
certain symptoms [50,51].

This systemic disease is indeed complex, hence the lack of clinical
success and the long list of unanswered questions. Some of the answers
for ME/CFS might come from the COVID-19 pandemic as many simi-
larities are shared between ME/CFS and the post-viral syndrome asso-
ciated with acute COVID-19 [52,53]. This overlap brings into focus the
involvement of the circulatory system in ME/CFS as COVID-19 and its
post-viral syndrome are strongly characterized by vascular and hae-
matological pathology [44,54-59]. In this article, we wish to review the
cardiovascular and haematological findings associated with ME/CFS as
these two systems are becoming more implicated in this disease. Because
of recent findings of viral RNA in the brain and spinal cord of ME/CFS
patients post-mortem [32], as well as other indications of viral influence
[60,61], we also discuss how viral reservoirs might contribute to pa-
thology. Whilst the haematological system is indeed a part of the car-
diovascular system, they are discussed separately here. A
haematological emphasis focuses on the cells and cell-like structures
(leukocytes, erythrocytes and platelets), and the free plasma proteins,
specifically those related to coagulation (fibrin(ogen), clotting factors,
etc.); whereas the cardiovascular emphasis concentrates on cardiac and
vessel structure and function. Finally, we aim to tie findings together
with a focus on the endothelium, and a commentary on the role of
viruses.

2. Cardiovascular findings

Although ME/CFS is not considered as a primary cardiovascular
disorder, there are certainly indications of cardiovascular dysfunction in
this disease population. ME/CFS individuals exhibit an increased risk for
premature heart failure and earlier all-cause mortality [62-65], as do
Long COVID suffers [66]. The exact mechanistic path leading from ME/
CFS to heart failure is not yet elucidated, but oxidative and nitrosative
stress (O&NS) as well as dysregulated inflammatory function are
thought to play a major role [67]. Indeed, ME/CFS is accompanied by
increases in O&NS and a reduced antioxidant capacity [68-73], as well
as a proinflammatory phenotype [68,74-80]. With that being said, it
must be noted that the ME/CFS-induced lifestyle — one that is defined by
reduced physical activity and disablement — is one that itself likely in-
creases cardiovascular risk, and hence needs to be accounted for when
interpreting data [81].

Related to the association between ME/CFS and heart failure, ME/
CFS patients exhibit increases in arterial wave reflection when compared
to controls [75]. Arterial wave reflection is inversely associated with left
ventricular systolic function (as determined by tissue Doppler imaging
techniques) and is involved in the pathogenesis of heart failure [82].
Abnormalities in left ventricular function were described in an ME/CFS
population in the early 1990s [83].

In a study involving 56 ME/CFS participants who were subdivided
into severe (n=30) and non-severe (n = 26) groups, the severe ME/CFS
group presented with a 10.2% reduction in stroke volume and mild
decreases in contractility in comparison to controls [84]. Furthermore,
both ME/CFS groups had reduced total blood volume, plasma volume,
and red blood cell volume in relation to the control groups. The authors
inferred that the lower cardiac volume observed in the ME/CFS cohorts
is most likely a result of a hypovolemic comorbidity instead of a cardiac-
contractile issue. In a comment article published the following year
[85], it was emphasized that the aforementioned results do not point to
classical cardiovascular disease, but rather highlight impairments in
circulation and cardiovascular function. The ME/CFS-induced lifestyle —
of which a consequence is physical deconditioning — was also mentioned
as a reason for the observed results, as chronic physical inactivity is
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related to decreased stroke volume [86].

Reduced stroke volume in ME/CFS has since been corroborated, and
decreases in end-diastolic volume and cardiac output have also been
reported [87-89]. van Campen and Visser (2018) performed a tilt table
test on 150 ME/CFS individuals who were subdivided into three groups
based on disease severity — mild, moderate, and severe — and 37 controls
[90]. Suprasternal aortic Doppler imaging was used to measure stroke
volume index (SVI) and cardiac index (CI), and determined that de-
creases in SVI and CI were significantly greater in the ME/CFS group
than controls. Importantly, the researchers showed that these cardiac
shortcomings were not statistically different between the mild, moder-
ate, and severe ME/CFS groups. This suggests that deconditioning due to
the ME/CFS-induced lifestyle does not account in significant part for the
cardiovascular abnormalities observed in this disease population, and
increases the plausibility of cardiac involvement in ME/CFS pathogen-
esis and symptom manifestation.

To further investigate the role of deconditioning in ME/CFS symp-
tomology, van Campen and colleagues assessed the relation between the
extent of reduction in peak oxygen consumption during cardiopulmo-
nary exercise testing and the degree of reduction in cerebral blood flow
during head-up tilt tests in 199 ME/CFS and 22 control participants
[91]. Again, there were no differences observed between the ME/CFS
groups (no, mild, or severe deconditioning), which implies that decon-
ditioning does not govern orthostatic symptoms in ME/CFS. Other
studies have reached the same inferences [92,93]. With the evidence at
hand, it seems that cardiac dysfunction present in ME/CFS is not a result
of physical inactivity, and hence is not something that should be brushed
off as a consequence of ME/CFS - it might be (intimately or modestly)
involved in pathology.

Using magnetic resonance imaging and cardiac tagging techniques,
Hollingsworth and colleagues investigated the cardiac morphology of 12
ME/CFS and 10 control subjects and determined that left ventricular
mass was significantly decreased in the ME/CFS group [87]. This has
since been corroborated [88,94]. Contrastingly, the study by Hurwitz
and colleagues found no significance in left ventricular mass [84]; the
same goes for a more recent study [95], where cardiac function was also
deemed normal.

A significant reduction (P < .001) in coenzyme Q10 (CoQ10) plasma
levels has been observed in an ME/CFS cohort [63]. CoQ10 is an
essential component of the respiratory chain, and exerts anti-
inflammatory and antioxidant effects [96]. Reductions in CoQ10 are
associated with cardiovascular pathology and reduced mitochondrial
biogenesis [97], and supplementation offers cardio-protection [98,99].
CoQ10 is also an independent risk predictor of mortality in chronic heart
failure [100].

Decreases in CoQ10 reduce antioxidant capacity and might account
in part for the increases in O&NS observed in ME/CFS [67]. Further-
more, CoQ10 might hold potential as a useful predictor of heart failure
in ME/CFS patients. CoQ10 supplementation increases cellular resis-
tance to lipid peroxidation [101-103], and may therefore prove useful
against the lipid peroxidation observed in ME/CFS [68,104]. Indeed, it
has been shown that CoQ10 and selenium supplementation in ME/CFS
subjects increased antioxidant capacity and decreased lipid peroxida-
tion, cytokine levels, and symptom severity [105]. ME/CFS is also
accompanied by reduced plasma levels of omega-3 fatty acids [106],
which is associated with chronic inflammation [107] and also confers an
increased cardiovascular risk [108,109]. On that note, metabolic ab-
normalities are common findings amongst ME/CFS cohorts
[28,110-112].

Significantly increased levels of fibroblast growth factor 21 (FGF21)
and the N-terminal prohormone of brain natriuretic peptide (NT-
proBNP) have been revealed in an ME/CFS cohort [68]. Positive cor-
relations between NT-proBNP concentrations and that of proin-
flammatory cytokines (namely, IL-1f and IL-6) were noted. NT-proBNP
is positively and independently associated with cardiovascular risk
[113] and FGF21 is involved in glucose and lipid metabolism [114].
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Supplementation of CoQ10 and selenium did not alter levels of these two
proteins in ME/CFS subjects [105].

2.1. Orthostatic intolerance

One of the more consistent findings amongst ME/CFS populations is
the presence of OI and POTS [27,115-118], which is not surprising
considering the evidence of reduced venous return and cardiac function
[87,88,93,119], and reduced ambulatory blood pressure [120]. OI forms
part of the ME/CFS diagnosis [2,121] and significantly reduces one's
functional capabilities and quality of life [122].

On the upper end of the scale, some studies that have employed the
10 min stand-up test have reported prevalence figures for OI above 95%
in ME/CFS cohorts [88,123]. In another study, symptoms of light-
headedness and dizziness were present in 72% (32/39) of standing
and 41% (16/39) of recumbent patients; ME/CFS patients without POTS
scored higher in orthostatic measures upon standing than those with
POTS, suggesting that orthostatic tachycardia does not account for the
symptoms of OI in ME/CFS [124]. From a therapeutic perspective,
compression stockings have shown benefit for orthostatic symptoms and
cardiac measurements [125].

Autonomic receptors, such as adrenergic and cholinergic G-protein-
coupled receptors (GPCRs), relay sympathetic and parasympathetic
signals involved in the regulation of blood vessels. Elevated levels of
autoantibodies against adrenergic and cholinergic receptors have been
found in ME/CFS individuals [126-128], and also correlate with auto-
nomic dysfunction and symptom severity [22]. Yamamoto et al (2012)
demonstrated that these autoantibodies have an impact on the central
muscarinic cholinergic receptor system as inferred by positron emission
tomography [129], and may therefore interfere with cell signalling.
Attenuated P2 adrenergic receptor activation has also been noticed
[130]. An explanation for ME/CFS pathology with a focus on the
dysfunction of these autonomic receptors has been published [17]. With
that being said, it must be noted that herpes viruses, which are signifi-
cantly implicated in ME/CFS pathology [31], produce GPCRs that share
homology with human GPCRs [131]. Hence, molecular mimicry be-
tween herpes and human GPCRs might underlie what is seen as ‘auto-
immunity involving GPCRs’ in ME/CFS.

2.2. Cerebral blood flow

There are data that indicate that cerebral blood flow is significantly
reduced in ME/CFS patients compared to controls [27,91,132-136]. Out
of 429 ME/CFS participants, 90% (384/429) exhibited reductions in
cerebral blood flow measurements that surpassed a defined cut-off value
(13%) during orthostatic testing (but not in the supine position) [27].
The mean reduction for the control and ME/CFS group was 7% and 26%,
respectively. Not unexpectedly, 100% of patients with POTS and 98%
with delayed orthostatic hypotension presented with values greater than
13%; unexpectedly, in ME/CFS patients without heart rate or blood
pressure problems, 82% exceeded the cut-off value. Markedly reduced
cerebral blood flow during 30-min head-up tilt testing was observed in
those ME/CFS participants with and without heart rate and blood
pressure abnormalities, meaning that cerebral blood flow is perturbed
even in those without orthostatic pathophysiology. Deficits in cerebral
blood flow have potential to account for ME/CFS symptom manifesta-
tion and have even been associated with symptom severity [134] —
further follow-up is essential.

Related to the findings of reduced cerebral blood flow, hypo-
perfusion of particular brain regions have been documented in ME/CFS
participants, including the brainstem [37], cerebral cortex [137],
anterior cingulate [138,139], lingual gyrus [139], superior temporal
gyri [140], and regions associated with the limbic system [141]. There
are also differences in regional cerebral blood flow between ME/CFS and
control subjects following mental exertion [140], as well as neuro-
functional differences [142].
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The abnormalities in cardiovascular dysfunction discussed thus far
may result from neuronal issues. Functional and structural defects of the
nervous system have been reported in ME/CFS [49,143-146], and have
been proposed as drivers of the disease [50,147]. Autonomic dysfunc-
tion is a common finding in ME/CFS cohorts [148-151], and recent
studies have shown that a subset of patients exhibit signs of small fibre
neuropathy [152,153]. In a systematic review, it was inferred that the
autonomic defects underlie the cardiovascular abnormalities observed
in ME/CFS patients [154]. Pyridostigmine, an acetylcholinesterase in-
hibitor which aims to ameliorate impaired autonomic signalling, im-
proves cardiac performance in ME/CFS patients [153]. Further study of
pyridostigmine in ME/CFS individuals with cardiovascular abnormal-
ities/orthostatic symptoms is therefore warranted.

3. Haematological findings

Components of the haematological system are susceptible to influ-
ence from pathology in different physiological systems, and are thus
useful and relatively convenient markers for health and pathology as-
sessments. Erythrocytes, leukocytes, platelets, and clotting proteins are
exposed to and affected by O&NS, inflammation, and metabolites. In
diabetes, excessive glycation is noticeable in red blood cells and plasma
proteins [155]; inflammatory cytokines can induce changes in platelets,
erythrocytes, and coagulation [156,157]; hormones modulate visco-
elastic changes [158]; and microbes can influence the activity of
platelets and upregulate or inhibit clotting processes [159-161]. Whilst
a fair amount of study has been conducted on cardiovascular function
and leukocytes in ME/CFS, there is much less literature regarding
erythrocytes, platelets and clotting proteins.

3.1. Erythrocytes, platelets, and clotting proteins

An early study noticed that ME/CFS individuals have a significantly
lower number of normal, discocytic erythrocytes, and instead possessed,
what seems to be, high levels of stomatocytes [162]. There are also in-
dications of an increased erythrocyte sedimentation rate [163-167],
although there are conflicting results [168]. Red blood cells from ME/
CFS individuals exhibit reduced deformability, accompanied by dimin-
ished membrane fluidity [168]. This makes erythrocytes less pliable and
stiffer, hindering efficient traversal through microcapillaries. This will
impact the supply of oxygen to and retrieval of carbon dioxide from
tissues and hinder blood flow (especially in capillaries where erythro-
cytes flow in a single file), which in turn might give rise to some
symptoms associated with ME/CFS. Low erythrocyte volume might also
contribute to shortcomings in circulation and oxygen delivery to tissues
in ME/CFS [84]. Defective erythrocytes also have the ability to induce
endothelial dysfunction [169].

With regards to the coagulation system, a significant hypercoagula-
ble state was recognised in ME/CFS patients with active herpes infection
[43]. However, over 80% of patients possessed hereditary risk factors
for thrombosis (a finding which has not been exclusively identified in
ME/CFS cohorts since), thereby limiting interpretive power. A different
study demonstrated elevated fibrinogen levels, platelet hyperactivation,
and hypercoagulability [170]. The authors also alluded to the notion of
anomalous clot deposition on the endothelium which can impair sub-
stance exchange between blood and tissues, and subsequently give rise
to ME/CFS symptoms. Bonilla and colleagues determined that extra-
cellular vesicles from ME/CFS patients contained significantly elevated
levels of the platelet marker, CD41a [171]. CD41a is a component of
GPIIb/Illa complex — the platelet receptor that binds fibrinogen and von
Willebrand factor, and mediates platelet adhesion and aggregation, and
clotting. Further indications of platelet hyperactivity come from a recent
study using transmission electron microscopy, where significant platelet
spreading and aggregation was documented in ME/CFS samples [172].
In contrast, a study from 2006 found neither platelet hyperactivation
nor hypercoagulation in their ME/CFS cohort [173].
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Recently, more attention has been directed towards ME/CFS due to
the insights obtained from the COVID-19 pandemic. Some patients who
become infected with the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) develop a post-viral syndrome called Long COVID (or
post-acute sequelae of COVID-19) [174-177], of which the symptoms
include: chronic fatigue that is unresolved with rest; PESE; cognitive
dysfunction; sleep difficulties; OI; POTS; muscle and joint pain; head-
aches; flu-like symptoms; gastrointestinal issues; sensory impairments;
and respiratory defects [178-180]. Long COVID patients respond
negatively to exercise therapy, exhibiting adverse reactions much in the
same manner as ME/CFS individuals [181]. Additionally, females are
also more affected than males [182], as is observed in ME/CFS pop-
ulations [183]. The effect of sex-specific physiology in the context of
these two post-viral diseases is acknowledged [184-186], but requires
further study and elucidation. The two syndromes exhibit striking sim-
ilarities, so much so that many Long COVID patients meet the diagnostic
criteria for ME/CFS [8,9].

It is widely accepted that COVID-19 is associated with severe micro-
and macro-clotting pathology [187-190], which is a major target of
therapy in acute cases [191]. We have published findings of small am-
yloid fibrin clots, called fibrinaloids or microclots, as well as hyper-
coagulation and hyperactivated platelets, in Long COVID patients
[180,192]. SARS-CoV-2 spike protein is sufficient to induce the anom-
alous clotting, that has an amyloid character [193], and can be induced
with small amounts of a variety of initiators that bind to fibrinogen
molecules [194-196].

Fibrinaloids are amyloid in nature and more resistant to fibrinolysis,
and can be larger than the lumen of the smallest capillary
[59,193-195,197]. Hence, fibrinaloids have the potential to block
microcapillaries [198] and impair oxygen delivery to tissues [59]. There
is also evidence that anomalous clots formed by SARS-CoV-2 spike
protein exhibit increased proinflammatory activity [197]. Using prote-
omics, we discovered that inflammatory molecules — including a(2)-
antiplasmin and SAA — were ‘trapped within’/associated with fibrina-
loids. a(2)-antiplasmin might be important for the persistence of fibri-
naloids as its activity inhibits plasmin, an enzyme essential for
fibrinolysis [199]. To add, the molecular phenotype of amyloid clots
decreases the ability of fibrinolytic proteins to degrade fibrin as the
interior of clots are less accessible [59,195,200-203].

Because of the similarities between Long COVID and ME/CFS, we
sought to investigate whether the clotting pathology observed in Long
COVID patients is also present in individuals with ME/CFS. We recruited
25 individuals with ME/CFS and 15 age-matched controls, and obtained
blood samples for both whole-blood (WB) and platelet-poor plasma
(PPP) analyses. Our results show that ME/CFS PPP samples contain
significantly greater levels of fibrinaloids when compared to controls
[42]. The load of fibrinaloids in ME/CFS, however, seems to be lower
than that of Long COVID. Fibrin networks — formed by the addition of
thrombin to PPP - from the ME/CFS group contained significant amy-
loid fibrinogen, indicating pathology of terminal fibrin networks. The
latter may interfere with hemostasis, leading to prolonged endothelial/
vessel repair as a result of amyloid fibrin deposition on the endothelium
and subsequent inflammation. Platelet hyperactivation, as determined
by the degree of spreading and clumping, was also present in the ME/
CFS population, although the degree of activation varied across partic-
ipants. Thromboelastography (TEG) analysis of both WB and PPP sam-
ples demonstrated a high prevalence of hypercoagulability in the ME/
CFS group. Together, these results demonstrate pathology in the coag-
ulation system of individuals with ME/CFS, and that this pathology is
mirrored in Long COVID. We have recently published a review pro-
posing that ME/CFS and Long COVID pathology is a result of ischaemia-
reperfusion injury [44], where fibrinaloids play a central role. Perti-
nently, Long COVID patients who were treated with antiplatelet and
anticoagulant drugs (Clopidogrel, Aspirin, and Apixiban) experienced
symptom relief [204] — whether this is a possibility or not for a majority
of ME/CFS patients with such clotting pathology remains to be
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determined.

Over 20 years ago, Berg and colleagues reported hypercoagulability
and platelet hyperactivation in an ME/CFS cohort, and alluded to the
idea that small (anomalous) fibrin aggregates adhere to the endothelium
and impair the exchange of substances between the blood and tissue,
subsequently giving rise to symptoms [170]. The latter — in light of our
findings [42] - can now be interpreted as fibrinaloids. Fibrin(gen) binds
to several endothelial receptors and hence can modulate their activity
[205-207] — it is of interest to determine the mechanistic differences
between normal fibrin and fibrinaloids/amyloid fibrinogen in an
endothelial context. Amyloid-type molecules have a tendency to damage
lipid membranes [208] and might account for lipid peroxidation [104]
and endothelial dysfunction [24,166,209] observed in ME/CFS.
Furthermore, fibrinaloids are proinflammatory and persist more than
normal fibrin matter due to their fibrinolytic resistance [192,197].
These are characteristics that can exaggerate any pathological impact on
the endothelium. It is known that ME/CFS plasma induces endothelial
dysfunction in healthy cells [209,210] - further analysis is required to
determine if fibrinaloids are largely responsible for this phenomenon.

4. The endothelium - An interface for symptom manifestation?

Endothelial dysfunction is a prominent component of cardiovascular
disease [211,212], and is prompted by an increase in O&NS and
inflammation [213-215]. Endothelial cells are important for vessel
regulation whereby nitric oxide and endothelin synthesis and release
modulate constriction and dilation activity. Hence, changes in the
regulation of vessel modulators from endothelial cells are implicated in
cardiovascular disease [216-218]. Furthermore, the endothelium is
responsible for enabling the transfer of substances across the vessel wall;
a damaged endothelium is expected to lead to impairments in substance
exchange in localised areas [219,220].

In Long COVID, endothelial dysfunction is a common finding
amongst patients and has been centralized in disease hypotheses
[44,58,59,221-224]. Reduced tissue perfusion and oxygenation at the
capillary level, resulting from coagulopathy and endotheliopathy
[192,225], is one of the proposed mechanisms for symptom manifesta-
tion in Long COVID [59,198,226]. Targeting endotheliopathy in Long
COVID has shown benefit in some cases [224,227,228], and is therefore
receiving further exploration. This highlights the question of whether or
not endothelial dysfunction is involved in ME/CFS pathology and
symptom manifestation.

A study examining endothelial function in ME/CFS has revealed
peripheral endothelial dysfunction in 51% (18/35) of subjects [335].
Patients with endothelial dysfunction also reported worse symptom
scores than those without. Studies using flow-mediated dilation (FMD)
and post-occlusive reactive hyperaemia have described endothelial
dysfunction in both large and small vessels in ME/CFS cohorts [24,229].
MicroRNA markers associated with endothelial dysfunction have also
been implicated [166].

Human umbilical vein endothelial cells exposed to plasma from ME/
CFS individuals show significant reductions in synthesized and secreted
nitric oxide in the absence or presence of endothelial nitric oxide syn-
thase (eNOS) stimulators [209], therefore pointing to a defective enzy-
matic function of eNOS. Furthermore, inhibitory phosphorylation of
eNOS at Thr*®® was greater as a result of ME/CFS plasma than it was
with control plasma. Identifying the plasma constituent responsible for
the aforementioned effects is of utmost importance, as it may lead to the
identification and annotation of pathological mechanisms involved in
ME/CFS, and, hopefully, biomarker establishment. Furthermore, tar-
geting (or replacing) this unknown molecule(s) in a therapeutic manner
might offer symptomatic relief. These studies emphasize the potential of
investigating the haematological system in ME/CFS.

Similarly, another study that exposed ME/CFS sera to healthy
endothelial cells reported the release of molecules that inhibit nitric
oxide pathways, as well as the downregulation of endothelial activation
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markers [210]. The researchers also revealed an increase in autoanti-
body binding to endothelial surfaces in the ME/CFS group, which they
sought to investigate due to evidence of autoimmunity in ME/CFS
[230]. Whether antibody-dependent cellular cytotoxicity is mounted
against the healthy endothelial cells is still to be determined, but the
finding suggests that autoimmune processes and impairments of the
endothelium are linked. It might also be a possibility that this autoan-
tibody binding to the endothelium induces procoagulant cascades,
perhaps via the complement system or interaction with platelets
[170,231].

Endothelin-1, a potent vasoconstrictor that is released by endothelial
cells and involved in cardiovascular pathology [232], was shown to be
significantly increased in 5/14 COVID-19 patients who have ME/CFS
[58]. The dysregulation of these vaso-modulators — endothelins and
nitric oxide — might contribute to impairments in blood flow in ME/CFS.
To add, regional cerebral blood flow and endothelial dysfunction have
been linked [233]. Whether endothelial dysfunction underlies the ab-
normalities of cerebral perfusion in ME/CFS remains to be determined.
A recent study published in 2023 has further corroborated endothelial
dysfunction in ME/CFS [234].

Endothelial dysfunction and the consequences that follow, including
reduced substance delivery to tissues and hypoxia [220,235], might lead
to systemic defects that bring about symptom manifestation. Indeed,
endothelial dysfunction and reduced tissue perfusion has recently been
implicated in hypotheses for ME/CFS pathology [44,45,236]. More
research is required to elucidate the status and role of the endothelium
in ME/CFS.

5. Viruses: How are they involved, and where are they hiding?

The overlap between ME/CFS and Long COVID brings into the
spotlight (if not already in the spotlight) the role of viral infection in
ME/CFS initiation and maintenance. The etiology of Long COVID can be
confidently attributed to SARS-CoV-2 infection, and since Long COVID
clinically presents much in the same way as ME/CFS, the two diagnoses
may share similar etiology. There is now even more reason to believe
that viruses cause, or at least have a major role to play in pathogenesis of
post-viral, fatigue-like illnesses like ME/CFS. An elucidation of the
mechanisms whereby SARS-CoV-2 contributes to Long COVID pathol-
ogy may consequently inform the ME/CFS disease process.

Although multiple viral species have been implicated in ME/CFS
[3,29,31,61,237], a single pathogenic specie has not yet been identified
in all ME/CFS patients within a particular cohort. However, few teams
have studied persistent infection in ME/CFS with advanced technologies
capable of identifying low biomass organisms in tissue and/or associated
gene expression patterns. To add, the viruses implicated in ME/CFS —
predominantly the herpes viruses (EBV, human cytomegalovirus, HHV-
6, and HHV-7) [3,31] — are common infectious agents within the general
population, which increases the difficulty of identifying a causative role
for these pathogens in ME/CFS individuals.

Herpes viruses are capable of establishing life-long latency in human
tissue and reactivate spontaneously or when immune function is
impaired [238-240]. EBV, HHV-6, HHV-7, and human cytomegalovirus
can remain dormant in mononuclear cells, including monocytes, T-cells,
and B-cells, and reactivate to infect other cells or hosts [240]. EBV ex-
presses a particular affinity for B-cells, with latency in this cell-type well
characterized [241-243]. It must be noted that reactivation of herpes-
viruses is not always associated with disease, and often occurs without
any noticeable symptoms. Hence, this emphasizes the complexity asso-
ciated with herpesvirus reactivation and diseased states, such as ME/
CFS. The specifics of herpesvirus latency, reactivation, and therapeutics
is reviewed elsewhere [240,244-246].

Incidentally, SARS-CoV-2 infection leads to the reactivation of her-
pesviruses, specifically EBV [247-249]. Reactivation of these viruses
and the subsequent maladaptation of physiological systems, including
the immune, endocrine, and nervous system, are believed to be
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important steps in ME/CFS pathology [3,60,250]. In a study from 2019,
38% of ME/CFS patients exhibited an upregulation of the Epstein-Barr
virus (EBV) induced gene 2 (EBI2) in PBMCs [251], suggestive of EBV
reactivation [252]. A follow-up study provided further indications that
this gene is upregulated as a result of EBV activity in ME/CFS [237].
Furthermore, B-cells — the cell-type favoured by EBV — have been noted
to be dysfunctional in ME/CFS studies [253-255] - the thinking goes
that latent (or active) EBV infection is responsible for this B-cell
dysfunction. Furthermore, autoimmunity driven by defective B-cell
functioning is suspected to bring about autoreactivity which in turn
contributes to symptom manifestation [127,230,256,257]. There are
many other studies demonstrating increased antibody levels directed at
herpesviruses (not only EBV) in ME/CFS [30,258-263]. More recent
studies have identified herpesvirus nucleic acids and antigens, in sig-
nificant concentrations, in ME/CFS tissue [32,60,263,264]. Rasa-
Dzelzkaleja et al (2023) showed that 45% of ME/CFS individuals within
their study were experiencing reactivation of herpesviruses (HHV-6 and
HHV-7), and that these individuals expressed higher proinflammatory
markers (IL-6, TNF-a) than those ME/CFS individuals with latent
infection. While more work is needed to effectively define the mecha-
nisms associated with herpesvirus-related ME/CFS pathology, there is a
general acceptance that herpesviruses play an important role in the
pathogenesis of this disease. ME/CFS patients with reactivated herpes-
virus (HHV-6 and HHV-7) infection were treated with antiviral drugs
which resulted in some degree of success (less than 50% within each
group of patients presented with negative PCR results following treat-
ment) [265].

Infection with herpesviruses leads to the production of proin-
flammatory cytokines and impairment of immune cell function
[266-270]. In ME/CFS, both an increase in proinflammatory cytokines
[271] and a reduction in natural killer (NK) cell activity (cytotoxicity)
are present [272]. Well known is it that chronic inflammation is central
to a variety of diseases, including cardiovascular disease, cancer, dia-
betes, and psoriasis [196,273-275]. However, the cardiovascular ab-
normalities observed in ME/CFS patients do not seem to be ‘classical’, i.
e. atherosclerotic in nature, but rather manifest as reduced cardiac
function (as inferred from findings of reduced stroke volume and cardiac
output) [88,119,152]. Defects in autonomic control of the heart and
blood vessels are believed to underlie these cardiac abnormalities
[149,154]. Relevantly, the role of pathogens (including herpesviruses)
in the induction of autonomic dysfunction, predominantly in a cardio-
vascular context, has been reviewed [276] and might influence cardiac
function, indirectly, in ME/CFS.

Infection of nervous tissue by herpes viruses can lead to inflamma-
tion, cellular dysfunction, and sometimes severe complications like
meningitis [277-280]. With regards to the autonomic nervous system,
EBV infection has previously been shown to exist alongside acute
autonomic neuropathy [281-285], as well as orthostatic symptoms
[281,286]. Furthermore, infectious mononucleosis — a disease predom-
inantly caused by EBV - is accompanied by long-lasting autonomic
symptoms [287], suggestive of persistent infection or neurological
maladaptation. A pathogenic protein produced by EBV, deoxyuridine
triphosphate nucleotidohydrolase (dUTPase), can alter gene expression
in glial and endothelial cells in a manner which can promote neuro-
inflammation and potentially symptom manifestation [288], and has
been implicated (immunologically) in an ME/CFS cohort [30]. Inter-
estingly, a hypothesis involving neuroglia dysfunction in ME/CFS has
recently been published [147].

Defective autonomic functioning, neuropathy, and orthostatic
symptoms have also been observed following human cytomegalovirus
infection [289,290], HHV-6 infection [291], and SARS-CoV-2 infection
[292,293]. To further implicate herpes viruses in neuronal tissue, and
specifically in ME/CFS, a recent study found significant levels of EBV
and HHV-6 microRNA in brain and spinal cord tissue from deceased ME/
CFS individuals [32]. Ultimately, there is evidence to suggest that
(herpes) viruses might, via the infection of nervous tissue and
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subsequent impairment of autonomic functioning, account, in part, for
the cardiac abnormalities observed in ME/CFS individuals; although
more research is required with regards to this topic.

In the context of the coagulation system, molecular products from
viruses and bacteria have the ability to influence platelets and clotting
proteins (refer to Fig. 1) [161,194,195,200,294-297]. Both lipopoly-
saccharide and lipoteichoic acid can induce anomalous, amyloid-
containing clots that are distinctly different from healthy clots
[161,193,195,200]. Furthermore, both of these bacterial inflammagens
can directly interact with platelet receptors, modulate platelet activity,
and induce hypercoagulability, ultimately leading to a prothrombotic
state [159,200,294,298,299]. Conversely, gingipain R1, a protease from
a periodontal pathogen named Porphyromonas gingivalis, can degrade
clots and inhibit enzymatic formation of fibrin networks [161].

For long it has been known that viruses can influence coagulation,
via direct interaction with clotting proteins and platelets [300-304].
SARS-CoV-2 causes severe clotting pathology, reflected by hyper-
activated platelets, hypercoagulability, and fibrinaloid microclots
[192,305,306]. We assessed whether the spike protein S1 subunit from
SARS-CoV-2 virus can induce fibrinaloid formation [194], from which it
was confirmed that spike protein induces fibrinaloid formation in con-
trol plasma samples which lack fibrinaloids in their naive state — this
finding has been corroborated [197]. Specifically, the spike protein S1
subunit induced structural modifications in the p and y fibrinogen
chains, as well as prothrombin. The latter may lead to activation of the
zymogen, and subsequent (defective) conversion of fibrinogen into
fibrinaloids. We note too that spike itself is potentially amyloidogenic
[307]. As fibrinaloids are present in ME/CFS individuals [42], albeit to a
lesser extent than observed in Long COVID cohorts, the question of
which agent or agents are responsible for the induction of fibrinaloids in
ME/CFS arises.

It is plausible to hypothesize that viruses (and potentially other mi-
crobes) are contributing to the clotting pathology observed in ME/CFS
individuals [42,43,170-172]. Herpes viruses, the virus types most
implicated in ME/CFS, are known to influence coagulation in a pro-
thrombotic manner [308-310]. EBV infection has been associated with
disseminated intravascular coagulation [311,312], and cytomegalovirus
can induce hypercoagulation [313-317]. These two herpes viruses also
interact with platelets via a number of platelet receptors, including toll-
like receptors and complement receptors [318-321]. Hence, there is
reason to hypothesize that herpes viruses are responsible, to a certain
extent, for clotting dysfunction observed in ME/CFS individuals.

Next, where are the viruses? In Long COVID, they are widely
distributed [34,35]. ME/CFS harbours viral reservoirs, where reac-
tivation and virulent molecule secretion might underlie pathology. A
recent study has identified significant levels of EBV and HHV-6 micro-
RNA in the central nervous system of deceased ME/CFS individuals
[32], which points at active infection in the brain and spinal cord. It is
known that EBV favours B-cells for infection [241,243]; the finding of
EBYV infection in the brain might be indicative of EBV reactivation in and
shedding of virus particles and proteins from B-cells — perhaps EBV vi-
ruses have ‘spilled over’ into other physiological systems. Microglial
activation and inflammatory sequelae can ensue following herpes
infection [322-324], and may contribute to neuroinflammation and
autonomic dysfunction observed in ME/CFS. The endothelium is an
infection site for herpes viruses [313,317,325], and constitutes a site
from which clotting pathology can be easily orchestrated. Monocytes, a
reservoir site from which the coagulation system can also be influenced
from, act as viral reservoirs for herpes viruses too [326,327], as they do
for SARS-CoV-2 proteins in Long COVID patients [35]. These monocytes
exhibit senescence, which is believed to enable their persistence in cir-
culation [35]. Furthermore, the gut microbiome is not exempt from
scrutiny [328]. Whilst further research on viral persistence in ME/CFS is
required, we aim to emphasize the idea that viral reservoirs and their
subsequent influence on host physiology might be responsible for the
maintenance of ME/CFS, Long COVID, and other post-viral syndromes.
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In light of what has been discussed, Fig. 2 represents a depiction of viral
persistence and subsequent influence of various physiological systems in
ME/CFS.

6. Conclusions and future directions

ME/CFS is a complex disease intimately related to viral infection
[3,31] and is accompanied by abnormalities in multiple physiological
systems with specific defects in metabolism and cellular energetics
[1,329]. Whilst ME/CFS has been studied for many decades, clinical
success is underwhelming. Insight can be borrowed from the COVID-19
pandemic, as there are many similarities between the post-viral syn-
drome associated with SARS-CoV-2, Long COVID, and ME/CFS
[52,53,179,330]. Long COVID is a disease characterized by vascular
pathology [59,132,178,192,197,204,331,332]. With that in mind, and
the fact that some individuals who contract COVID-19 develop chronic
symptoms that meet the diagnostic criteria for ME/CFS [7-9], there is
reason to suspect that vascular pathology is also involved in ME/CFS.
Prompted by the overlap between Long COVID and ME/CFS, in this
review, we sought to summarize the cardiovascular and haematological
findings associated with ME/CFS.

The literature suggests cardiovascular dysfunction and haemato-
logical abnormalities are present in ME/CFS populations, although
certain studies require further corroboration with larger sample sizes.
Whilst primary cardiovascular disease is not considered as a component
of ME/CFS, research has revealed that afflicted individuals have weak-
ened and dysregulated cardiovascular function, as indicated by findings
of reduced stroke volume and cerebral blood flow, and vascular dysre-
gulation. Deconditioning appears to not be the cause of the cardiovas-
cular abnormalities observed in ME/CFS. Neurological defects,
particularly in the autonomic branch of the nervous system, are believed
to underlie this cardiovascular dysfunction [154]. It might be true that
the shortcomings in cardiac function and blood flow regulation
contribute to functional deficits and the manifestation of symptoms in
patients. Pyridostigmine can improve cardiac function in ME/CFS

individuals [153], and hence awaits further determination of its
efficacy.

There are also indications of platelet hyperactivity, defects in
erythrocyte biomechanics, endothelial dysfunction, and clotting dysre-
gulation in ME/CFS. Novel findings of fibrinaloids (anomalous, amyloid
microclots) in ME/CFS plasma samples, which tie Long COVID and ME/
CFS even closer together, demand further corroboration and study. Such
coagulopathy and associated endothelial damage, along with short-
comings in cardiovascular function, might be responsible for symptom
manifestation via inefficient transportation of substances between cap-
illaries and tissue, and perhaps via ischemia-reperfusion injury
[44,220,236]. Indeed, there are signs of reduced oxygen delivery in ME/
CFS [152,333,334]. Treatment of fibrinaloids and other clotting pa-
thology is an option [204], but further corroboration and detailing of the
clotting pathology in ME/CFS are required before this sort of therapy is
considered.

The microvasculature and endothelium are becoming important
focal points in ME/CFS and Long COVID research [44,59,236]. Subop-
timal tissue perfusion as a result of endothelial pathology deserves
further attention [220]. Implications of endothelial damage have long
ago been proposed as a component of ME/CFS pathology that drives
symptom manifestation [170], but is only now starting to receive due
attention. The idea of endothelial dysfunction driving ME/CFS seems
more plausible after acknowledging such pathology in Long COVID
[58,198,210,221-223,226,228]; not to mention the evidence of endo-
thelial dysfunction in ME/CFS [24,45,166,209,210,229,233,236,335].
Further exploration of the vasculature, cardiac functioning, and coag-
ulation system in ME/CFS is therefore warranted.

Lastly, the role of viruses in ME/CFS requires deeper scrutiny. Viral
infections in ME/CFS is not news [3,31], but one could argue that they
received less attention than deserved. It now seems that idea of viruses
as causative and driving agents of ME/CFS is more likely to be true,
especially when one considers the etiology of Long COVID and its
symptomatic similarity to ME/CFS. Novel research has identified viral
reservoir sites in both ME/CFS [32] and Long COVID [34,35], namely,
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the central nervous system and immune cells. The endothelium is also an
infection site of herpes viruses [313], and, along with monocytes, pose
as convenient locations to prompt clotting pathology from. Study is
required to detail any herpesvirus-induced synthesis of fibrinaloids - as
they are induced by spike protein from SARS-CoV-2 [194]. Furthermore,
identifying the paths/mechanisms from acute COVID-19 infection to
Long COVID might lead to substantial advancement in our under-
standing of ME/CFS.

7. Practice points

o The evidence presented in this review resonates with the notion that
ME/CFS is characterized by physiological pathology, and not psy-
chosomatic illness. This is a biologically-driven disease characterized
by vascular (including haematological) pathology.

e Assessment of cardiovascular (specifically cardiac functioning) and
haematological health are necessary steps in the clinical evaluation
of ME/CFS patients.

e Deconditioning does not seem to be responsible for the symptoms of
ME/CFS.

e The coagulation system and endothelium is becoming more and
more implicated in ME/CFS; perhaps these systems are more
involved in ME/CFS than previously suspected.

Viruses are heavily involved in ME/CFS pathology, and their role in
causing in ME/CFS seems more likely when scrutinizing the etiology
of the similarly-presenting Long COVID - elucidation of the mecha-
nisms of how SARS-CoV-2 leads to Long COVID may advance ME/
CFS knowledge.

. Research agenda

Future studies need to expand on the involvement of the cardiovas-
cular and haematological system in ME/CFS pathology, and deter-
mine to what extent these systems and dysfunction thereof
contributes to symptom manifestation.

The cardiac and vascular dysfunction observed in ME/CFS in-
dividuals is atypical in the sense that it is non-atherosclerotic heart
disease; it seems that neurological (autonomic) dysfunction un-
derlies these abnormalities — mechanisms need to be unveiled, and
therapeutics trialled in this neurological context, especially since
orthostatic symptoms greatly affect the functional capabilities of
patients.

Given the complexity of ME/CFS, research and clinical efforts will
require collaborative multidisciplinary involvement, that include
virologists, cardiologists, neurologists, and haematologists.

There is an urgent need for biomarker establishment in ME/CFS;
further investigation of the physiological systems discussed in this
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review may help aid in this quest, especially since these systems (or
aspects thereof) are becoming more and more implicated in ME/CFS
research.
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