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Abstract: Since the initial reports of Long COVID symptoms, numerous pathophysiological
mechanisms have been proposed to explain them; nevertheless, no consensus has been reached. Some
of these mechanisms are directly linked to microcirculation, while others are related indirectly. Those
with a direct connection involve the respiratory system (such as pulmonary embolism), the
cardiovascular system (including cardiac arrest, heart failure, myocardial inflammation, stroke,
endothelial dysfunction, and microangiopathy), hematological conditions (like coagulopathy, deep
vein thrombosis, microclots, and endothelial irregularities), and brain function. However, few of
these mechanisms are grounded in quantitative data and fundamental physiological principles.
Furthermore, diagnostic and therapeutic methods remain inadequate. This report provides a brief
overview of these processes, focusing primarily on quantitative data, recently proposed mechanisms,
and advances in microcirculation, with a special emphasis on the tissue blood supply reduction
(TBSR or SR in short) mechanism. Then the SR pathophysiological mechanism is assessed based on
the total incidence rate of the Long COVID symptoms that can be directly attributed to this
mechanism. The proposed SR mechanism can account for 7 principal Long COVID symptoms with
a total incidence of 88%.

Keywords: COVID; long; microcirculation; mechanism; microvascular loss; pathophysiology; blood
supply; incidence

1. Introduction

Even if the world is not in an emergency, the confirmed cases and death count from COVID-19
still rise. Over 777 million confirmed cases and over 7 million deaths have been reported globally,
and wastewater surveillance shows that circulation is approximately 2 to 19 times higher than
reported cases [1].

After 5 years from the start of the COVID-19 pandemic, the exact pathophysiological mechanism
of the disease is still unknown even though it is now recognized that it is a triphasic disease with
three overlapping stages-phases of (a) viral replication in the upper respiratory tract with direct
invasion into the alveolar epithelium and common symptoms of fever, fatigue, cough, and sore
throat, (b) hyperinflammatory cytokine storm with low oxygen levels, shortness of breath, and acute
lung damage (COVID-19 pneumonia), and (c¢) hypercoagulability or thrombosis which can lead to
severe respiratory failure and multi-organ damage [2].

About 5% of the infected not previously vaccinated individuals become critically ill [3] and are
admitted to the intensive care unit, where they can be treated by a variety of non-pharmacological
respiratory support strategies, among which are mechanical ventilation or ECMO (Extracorporeal
Membrane Oxygenation). In a comparative study between two masks increasing intra-thoracic
pressure, [4] the continuous positive airway pressure mask displayed better performance than
bi-level positive airway pressure mask. In a prospective one-year long observational study [5]
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including 91 critically ill COVID-19 patients, the C-reactive protein and fibrinogen were shown as
independent predictors of mortality.

Regarding the last 2 stages of the acute phase, a significant connection to the microcirculation
exists [6-8]. In addition, loss of red blood cell deformability and systemic endothelialitis have been
associated with COVID-19 microthrombosis [9]. Endothelialitis as a consequence of the endothelial
virus invasion, can be the cause of the disseminated microvascular dysfunction, microthrombosis,
ischemia, tissue hypoxia and oedema, resulting in multi organ failure [8,10,11]. It has been reported
that COVID-19 coagulopathy is different from disseminated intravascular coagulation during
bacterial infections and sepsis [12].

About 10% of the infected individuals, after the acute phase (with one or more of the 3 stages
depending on the severity) of the COVID-19 disease, develop a condition of persistent symptoms
known as Long COVID [13] with a prolonged recovery phase that can take weeks and up to many
months. The order of incidence for nine Long COVID symptoms, in a 6-month period after COVID-
19 diagnosis, is anxiety/depression (23%), abnormal breathing (19%), abdominal symptoms (16%),
fatigue/malaise (13%), chest/throat pain (13%), other pain (12%), headache (9%), cognitive symptoms
(8%), and myalgia (3%) [14]. It is noted that all 9 symptoms occur more frequently after COVID-19
than after influenza (p < 0.001) and symptom incidence rates come from a study on 273,618 COVID-
19 survivors [14].

Furthermore, the risk of developing Long COVID symptoms is higher in patients with more
severe COVID-19 [14]. In a recent magnetic resonance imaging study [15], a lower microvascular
perfusion was found in intensive care unit COVID-19 survivors compared to general ward patients.
In an ophthalmic imaging study [16], the severity of retinal microvascular alterations was positively
associated with cognitive impairments in post-COVID individuals.

In this review, after the introduction (section 1), a summary of the currently available data
linking Long COVID and microcirculation is given (section 2). Then, a brief overview of the
numerous proposed Long COVID pathophysiological mechanisms is made (section 3) with a special
emphasis on the cardiovascular microthrombosis and the related tissue blood supply reduction
(TBSR or SR in short) mechanism. Then, the SR pathophysiological mechanism is assessed (section
4) based on the total incidence rate of the Long COVID symptoms that can be directly attributed to
this mechanism. Finally, there is a short conclusion section (section 5).

2. Long COVID and microcirculation

Microcirculation can be affected by many conditions “out of the normal state”, such as
pregnancy [17]. COVID-19 was reported to affect the microcirculation of many different organs [18],
including the lung, kidney, brain, eye, skin, and the heart (Figure 1).

However, direct in vivo observation of the human microcirculation is limited to a few tissues
such as the eye, nailfold, and the sublingual tissue. Even though a considerable advancement in
human microvascular hemodynamic measurements was made in the last decades [19], it is still
difficult to take such measurements accurately and reliably [20]. The same was true for measuring
microvascular density, until the advent of optical tomography angiography (OCTA), which is now
considered “standard” technology for an ophthalmology department [21]. The automatic
quantification of vascular density gives a valuable tool to the clinical doctors who want to see how
the microvasculature is affected by various physiological [22,23] and clinical conditions [24-28].
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Figure 1. Vascular effects after SARS-CoV-2 infection.

OCTA is the main contributing factor to the high availability of microvascular loss (ML) data in
post-COVID patients [16,29,30], and numerous researchers have reported significant case-control
microvascular loss [31-39]. It is noted that in a recent meta-analysis of retinal microvascular changes
in post-COVID patients, including all available case-control OCTA studies both with and without
significant results [40], it was shown that overall, there was a statistically significant microvessel
density reduction and foveal avascular zone enlargement, or, in short, a significant microvascular
loss (ML). Retinal vessel diameter narrowing as a result of Long COVID chronic inflammation was
also reported in a recent narrative review [41], and the importance of studying viral infections on
retinal microcirculation was emphasized since microvascular alterations appear earlier than changes
in larger vessels. In addition, a significant hemodynamic reduction [42] was reported in the eyes of
post-COVID patients.

In addition, many case-control studies reported significant microvascular loss and
hemodynamic reduction in the skin [43—46] and sublingual tissue [47] of post-COVID patients.

3. Proposed Long COVID pathophysiological mechanisms

3.1. Respiratory System

Regarding the respiratory system, abnormal breathing and chest/throat pain are the second
(19%) and fifth (13%) most commonly reported Long COVID symptoms, respectively [14] (Table 1).
The coronavirus infection, with mild to severe symptoms, dysregulates vascular permeability in the
lungs and causes a ‘cytokine storm’ along with profound liquid accumulation in the lungs, which
turns breathing into an agonizing task [3]. In a case-control study with 100 post-COVID patients,
small airways disease (ground-glass opacities and air trapping) was quantified by image processing
on chest CT scans and occurred independently of initial infection severity [48]. Littlefield et al. [49]
found that pulmonary Long COVID is associated with increased levels of SARS-CoV-2-specific T
cells, systemic inflammation, and reduced lung function. The respiratory Long COVID following
post-COVID pneumonia is characterized by microvascular injury identified by the reduction of lung
capillary blood volume [50]. All aforementioned reports are associated with a respiratory
pathophysiological mechanism that is directly related to the microvasculature malfunction (Table 1).
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Table 1. Incidence of the respiratory Long COVID symptoms directly related to the microcirculation.

Physiological System Long COVID Symptom Incidence (%)
. Abnormal breathing 19
Respiratory .
Chest/throat pain 13

3.2. Immune System

Regarding the immune system, it is clearly implicated in the acute phase of the disease, including
viral replication and hyperinflammatory response. Moreover, many Long COVID studies have
reported immune dysregulation regarding T cells, CD4+ and CD8+ effector memory cells, naive T
and B cells, expression of type I and type III interferons, IL-4- and IL-6-secreting CD4+ T cells,
dendritic cells, levels of cytokines (IL-1§3, IL-6, TNF and IP10), C-reactive protein (CRP), levels of IgG
and IgM, of spike-specific memory B cells, of nucleocapsid IgG, and of spike-specific IgG [13,51]. This
is an indication of a persisting inflammatory process after the acute phase of the COVID-19 disease.

Other studies suggested autoimmune reaction as the underlying cause of Long COVID, under
the premise that SARS-CoV-2 shares structural similarities with human proteins (molecular
mimicry).

3.3. Viral Persistence

Viral persistence (RNA or protein viral remnants in various tissues) was detected in postmortem
tissues [52] and suggested as a mechanism of Long COVID symptoms [13,51,53]. This mechanism
can be related to many physiological systems of the body. Viral persistence and reactivation (such as
those of herpesviruses including Epstein-Barr Virus, human herpesvirus 6, and others) has been
associated with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and various
malignancies. Fatigue/malaise and myalgia are the fourth (13%) and ninth (3%) most commonly
reported Long COVID symptoms, respectively [14].

3.4. Nervous System

Anxiety/depression, headache, and cognitive symptoms are the first (23%), seventh (9%), and
eighth (8%) most commonly reported Long COVID symptoms, respectively [14]. SARS-CoV-2 can
affect the nervous system through the olfactory, trigeminal, and vagus nerves or the blood-brain
barrier by disrupting the neurovascular unit [54]. Several neurological mechanisms have been
proposed as the underlying cause of Long COVID.

First, the disruption of the blood-brain barrier [54,55] allows inflammatory molecules to enter
the brain, leading to neuroinflammation, cognitive dysfunction, and symptoms such as the “brain
fog”. In addition, disruption of the choroid plexus barrier and microvascular damage have been
reported in mice [56]. This mechanism is directly linked to the microvascular system.

Second, oxidation-driven biochemical remodeling of ryanodine receptor isoform 2 (RyR2)
channels, inducing intracellular Ca2+ leak, was proposed as a mechanism [57]. The ryanodine
receptor family is one of the two families of calcium release channels in the endoplasmic reticulum
membrane. According to this proposition, SARS-CoV-2 infection oxidizes the RyR2 channel, causing
calstabin2 depletion, destabilization of the channel’s closed state, and endoplasmic reticulum calcium
leak contributing to cardiac dysfunction, pulmonary insufficiency, and cognitive abnormalities
associated with Long COVID and neurodegeneration (Alzheimer’s disease). However, in this work
[57] the RyR2 channel was immunoprecipitated from brain, lung, and heart tissue of only 10 patients
who have succumbed to COVID-19.

Third, cytotoxic amyloid aggregates (assemblies) of SARS-CoV-2 proteins or peptides were
proposed as a mechanism triggering neurological symptoms in COVID-19 [58]. This is also a
mechanism related to neurodegenerative diseases such as Alzheimer’s and Parkinson’s.
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Fourth, SARS-CoV-2 spike (51) and nucleocapsid (N) protein levels in plasma neuron-derived
extracellular vesicles (EVs) and astrocyte-derived EVs were higher in all post-COVID subgroups than
controls [59]. In addition, abnormal levels of mitochondrial proteins in plasma neuron-derived and
astrocyte-derived EVs in all post-COVID subgroups were correlated with post-COVID
neuropsychiatric manifestations and were proposed as biomarkers for long-COVID prognostics and
therapeutic trials [59]. Furthermore, loss of mitochondrial membrane potential was reported in Long
COVID patients [60]. SARS-CoV-2 can infect and replicate in brain organoids [61], and small-fiber
neuropathy was observed in patients with Long COVID [62].

All the above proposed mechanisms for Long COVID can be linked to the autonomic nervous
system dysfunction (dysautonomia) [63] which is commonly found in Long COVID together with
postural orthostatic tachycardia syndrome (POTS) [64,65]. Disrupted autonomic control of circulation
is the cause of cardiovascular autonomic dysfunction (CVAD) which is most commonly presented
by the POTS and inappropriate sinus tachycardia. Dysautonomia and CVAD as Long COVID
components are a major health-care burden [66].

3.5. Gastrointestinal system

Abdominal problems are the third (16%) most commonly reported Long COVID symptoms [14].
Dysbacteriosis in the gut persists after clearance of the COVID-19 virus, and COVID-19 patients are
depleted in gut bacteria with immunomodulatory potential [67]. Compositional gut microbiome
alterations in Long COVID patients with low levels of butyrate-producing bacteria were reported 6
months after infection [68]. In addition, persistent respiratory symptoms and neuropsychiatric
symptoms correlated with gut pathogens [68].

It has been proposed that gut dysbiosis (e.g. from antibiotic use throughout life) may be a risk
factor for ME/CFS, with other possible pathophysiological risk factors of altered gut-brain axis
activity, increased gut permeability, reduced levels of short-chain fatty acids, D-lactic acidosis,
abnormal tryptophan metabolism, and low activity of the kynurenine pathway [69]. It was suspected
that an altered microbiome through the gut-brain axis may contribute to neurocognitive impairments
of ME/CFS patients [69]. Similarly, for the Long COVID case, gut dysbiosis due to viral persistence
(see subsection 3.3) may contribute to the development of ME/CEFS.

3.6. Cardiovascular System and Microcirculation

3.6.1. In Vitro Studies and Blood Coagulation

As with COVID-19, Long COVID has been associated with endothelial damage, deep vein
thrombosis, bleeding, red blood cell damage, and microclots both in vivo [38] and in vitro [70]. In a
recent case-control in vitro study [71] they found significantly elevated plasma levels of von
Willebrand factor (VWF) and Factor VIII in gynecologic Long COVID patients. They also found
persistently elevated VWF and Factor VIII concentrations for at least 2 years, which correlates well
with other reports of thrombotic microangiopathy taking into account the importance of these factors
in the coagulation pathway. In a retrospective analysis of laboratory data from 1429 COVID-19
hospitalized patients [72] impressively elevated values of D-dimer, procalcitonin, and C-reactive
protein (CRP) were reported. However, it would be very exciting to see the same data analysis only
on the 103 patients in Table 17 [72] with normal procalcitonin levels, excluding in this way the
confounding factor of bacterial infection.

3.6.2. The Endothelium

Baldassarro et al. [73] demonstrated in vitro, in endothelial capillary cells derived from different
body organs, that SARS-CoV-2 peptides induce endothelial-to-mesenchymal transition corroborating
the premise of the COVID-19-mediated endothelial microvascular damage. Gultom et al. [74] showed
in vitro that SARS-CoV-2 spike protein generated prolonged inflammatory responses in both the
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macro (aortic) and microvascular (pulmonary) endothelial cells. In vitro micro-models [75] can
provide valuable information on how the virus is transmitted through the air-blood interface of the
lung alveolus as long as they mimic adequately the physiological conditions.

Dysregulation of the endothelial barrier in the acute phase causes endotheliitis,
hypercoagulation, and hypofibrinolysis which may persist for a long time manifesting as Long
COVID [76,77]. Stahlberg et al. [78] reported peripheral microvascular endothelial dysfunction
associated with NT-ProBNP levels in post- COVID patients more than 6 months after the acute
infection.

The exact way in which the endothelial barrier is dysregulated is difficult to delineate because
of the complexity of the endothelial cell [79]. Except for specific biomolecules, biomechanical signals,
such as wall shear stress [80,81], cyclic strain, and hydrostatic forces [82] act as inputs to the
endothelial cell which can express a variety of outputs including proliferation, cell shape
modification and the release of a gamut of substances affecting vasomotor tone, hemostatic balance,
leukocyte trafficking and other. In other words, endothelial cells do not act only as sensors and
processors but also as effectors with output signals producing specific effects, and therefore they act
as “cardiovascular sensors, processors and effectors” (CSPEs).

Besides, the endothelium is not simply a barrier but is already considered an endocrine organ
[83]. The situation is further complicated by the fact that there is a considerable segmental
heterogeneity, that is, an endothelial phenotypic and functional difference among different segments
of the vascular system [80,84].

3.6.3. Microcirculation

With a focus on microcirculation, Cutolo et al. [85] proposed two non-specific nailfold
capillaroscopic patterns of COVID-19 microvascular abnormalities: an “early” pattern appearing in
the acute phase characterized by abnormal microvessel shapes, microhaemorrhages and
microthromboses, followed by a “late” pattern, in COVID-19 survivors, mainly characterized by loss
of capillaries.

However, the aforementioned proposed Long COVID mechanisms, from all physiological
systems, did not include quantifiable metrics in a pathophysiological context based on fundamental
physical principles.

Recently, a pathophysiological mechanism for Long COVID was proposed [86], based on tissue
blood supply reduction (TBSR or SR in short), which was estimated mathematically from
microvascular measurements linked to the physiological principle of the velocity-diffusion equation
[87]. The main idea for the proposition of this mechanism was that when a hemodynamic decrease
(HD) is reported, this decrease refers to the remaining microvessels of the measurement site.
However, this is only a fraction of the total blood supply loss of the local tissue since there is also a
microvascular loss (ML) which should be taken into account in combination with the HD (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. The proposed Long COVID pathophysiological mechanism (image modified from Koutsiaris [86]). The
common framework combines microvascular loss (ML) and hemodynamical decrease (HD) to a single index
called tissue blood supply reduction (TBSR or SR in short).

For the ML quantification of case-control studies, the following metrics were introduced [86]: vessel
density reduction (VDR), foveal avascular zone enlargement (FAZE), capillary density reduction
(CDR), and perfused vessel reduction (PPVR). These ML metrics were combined mathematically
with HD in a single index called tissue blood supply reduction (SR) that better describes the total
microvascular blood supply effect of every disease on body tissues (Figure 2). After gathering ML
and HD case-control data from different geographical areas and multiple tissues, an SR estimation of
47% was reported from a total of 634 post-COVID patients (Table 2).

Table 2. Tissue blood supply reduction (SR) from 634 post-COVID patients [86].

Metric Average (%) Tissue N
HD 37 Conjunctiva / Skin / Brain 72
ML 16 Retina / Choroid / Sublingual 562
SR 47 Multiple Tissues 634

Data refer to a post-COVID period of 0 to 6 months. N: number of post-COVID patients, HD: hemodynamic

decrease, ML: microvascular loss, SR: tissue blood supply reduction.

A significant SR has as a consequence much lower diffusion rates (Figure 2) and therefore
multiple tissue hypoxia and undernutrition that can cause most Long COVID symptoms, among
which many are related to the brain function, such as cognitive impairment, and headache. This fits
very well with a recent case-control study [88] which reported elevated cerebral oxygen extraction
fraction (OEF) in patients with post-COVID neurological conditions because a high OEF is a feature
of microvascular flow insufficiency affecting oxygen homeostasis. Since 3 core Long COVID
symptoms (anxiety/depression, headache, cognitive impairment) are directly related to the brain,
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there is also a direct connection to the SR mechanism due to the known sensitivity of the brain to
oxygen supply (Table 3).

Table 3. Incidence of the cerebral Long COVID symptoms directly related to the microcirculation.

Physiological System Long COVID Symptom Incidence (%)
Anxiety / Depression 23
Nervous Headache 9
Cognitive 8

Diminished intracellular oxygen delivery is supported additionally by studies on red blood cells
[9,89]. In a recent case-control study [89], Long COVID patients demonstrated decreased peripheral
tissue oxygenation and a correlation of adenosine triphosphate (ATP) concentration in their
erythrocytes with markers of systemic inflammation reactivation.

Furthermore, diminished intracellular oxygen delivery is supported at a whole body level by a
series of studies on exercise performance [90-92]. Lafeta et al. [91] reported exercise intolerance in a
study with 87 COVID-19 survivors after hospitalization, and a hypothesis of lung microvascular
injury was made. Associations of Long COVID to reduced measures of exercise performance were
also reported recently [90,92], which supports the pathophysiological mechanism of reduced tissue
blood supply (SR).

Reduced exercise performance is also directly related to the chronic fatigue syndrome. Myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS) has been associated with Long COVID [93],
and it has been hypothesized that the interaction of precapillary cardiovascular disturbances with
primary microcirculatory capillary disturbances causes Long COVID and the associated ME/CFS
[94]. This hypothesis, together with the SR mechanism, gives a direct connection of ME/CFS to the
microcirculation. Fatigue/malaise and myalgia are the fourth (13%) and ninth (3%) most commonly
reported Long COVID symptoms, respectively [14] (Table 4).

Table 4. Incidence of the ME/CFS Long COVID symptoms directly related to the microcirculation.

Physiological System Long COVID Symptom Incidence (%)
Nervous / Muscular / Fatigue / Malaise (ME/CFS) 13
Microvascular Myalgia (ME/CFS) 3

ME/CFS: Myalgic encephalomyelitis/chronic fatigue syndrome.

3.6.4. Heart and Large Vessels

Some studies implicate the heart and large vessels in the pathophysiology of Long COVID.
Panagiotides et al. [95] have hypothesized on myocardial stiffness, edema, and impaired contractility
due to endothelial damage and glycocalyx disintegration in COVID-19 and Long COVID. In a recent
case-control study [96], an increased arterial stiffness and carotid-radial pulse wave velocity were
reported in individuals with Long COVID, 1-9 months after infection. In another case-control study
[97], an impaired left ventricular function was reported in COVID-19 patients after hospitalization,
assessed by exercise stress echocardiography. A recent mathematical study integrating the
cardiovascular and immune systems [98] found a significant reduction of the left ventricular ejection
fraction (LVEF) in the case of COVID-19 survivors, and a LVEF reduction well below the normal
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levels in the case of non-survivors. These results correlate well with the reduced exercise performance
of post-COVID patients and the SR mechanism.

4. SR mechanism evaluation based on Long COVID symptom incidence

An evaluation of the SR mechanism can be based on the total incidence rate of the Long COVID
symptoms that can be directly attributed to this mechanism. As shown in the previous sections,
several long-term COVID symptoms can be directly related to the tissue blood supply reduction (SR)
mechanism  through  the  respiratory  (Table 1), nervous (Table  3), and
nervous/muscular/microvascular (Table 4) systems. There are 7 principal Long COVID symptoms
directly related to the SR mechanism. Each Long COVID symptom, with its corresponding
physiological system and incidence, is shown in Table 5. In this logical context, the proposed SR
mechanism can account for 7 of the 9 principal Long COVID symptoms, with a total incidence of
88%.

Table 5. Incidence of Long COVID symptoms directly related to the tissue blood supply reduction (SR)

mechanism.

Physiological System Long COVID Symptom Incidence (%)

Respiratory Abnormal breathing 19

(Table 1) Chest / Throat pain 13

Anxiety / Depression 23

Nervous

(Table 3) Headache 9

Cognitive 8

Nervous / Muscular / Fatigue / Malaise (ME/CFS) 13

Microvascular )
TOTAL 88

ME/CFS: Myalgic encephalomyelitis/chronic fatigue syndrome.

5. Conclusion

Since the initial reports of Long COVID symptoms, different pathophysiological mechanisms
have been suggested to explain them, but no consensus has been reached. Furthermore, diagnostic
and therapeutic methods remain inadequate. This work provides a brief overview of these
mechanisms, with a primary focus on quantitative data and recent advances in microcirculation. A
special emphasis is given on the tissue blood supply reduction (SR) mechanism [86], which is based
on quantitative data from post-COVID patients (Table 2) in the context of fundamental physiological
principles.

On the surplus, an assessment of the SR pathophysiological mechanism is given based on the
incidence rates of the reported Long COVID symptoms that can be directly attributed to this
mechanism. It seems that in the search for the pathophysiological mechanism behind Long COVID,
we are close to a proposal that explains the vast majority of the reported symptoms since the SR
mechanism can be linked directly to 7 principal Long COVID symptoms with a total incidence of 88%
(Table 5).
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