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Abstract: Following COVID-19 infection, a substantial proportion of patients suffer from persistent
symptoms known as Long COVID. Among the main symptoms are fatigue, cognitive dysfunc-
tion, muscle weakness and orthostatic intolerance (OI). These symptoms also occur in myalgic
encephalomyelitis/chronic fatigue (ME/CFS). OI is highly prevalent in ME/CFS and develops early
during or after acute COVID-19 infection. The causes for OI are unknown and autonomic dysfunction
is hypothetically assumed to be the primary cause, presumably as a consequence of neuroinflamma-
tion. Here, we propose an alternative, primary vascular mechanism as the underlying cause of OI in
Long COVID. We assume that the capacitance vessel system, which plays a key role in physiologic
orthostatic regulation, becomes dysfunctional due to a disturbance of the microvessels and the vasa
vasorum, which supply large parts of the wall of those large vessels. We assume that the known
microcirculatory disturbance found after COVID-19 infection, resulting from endothelial dysfunction,
microthrombus formation and rheological disturbances of blood cells (altered deformability), also
affects the vasa vasorum to impair the function of the capacitance vessels. In an attempt to com-
pensate for the vascular deficit, sympathetic activity overshoots to further worsen OI, resulting in a
vicious circle that maintains OI. The resulting orthostatic stress, in turn, plays a key role in autonomic
dysfunction and the pathophysiology of ME/CFS.

Keywords: orthostatic intolerance; orthostatic dysfunction; cerebral blood flow; COVID-19; myalgic
encephalomyelitis/chronic fatigue; capacitance vessels; vasa vasorum; microcirculation; Long COVID

1. Introduction

Following COVID-19 infection, a substantial fraction of patients suffer from per-
sistent symptoms known as Long COVID [1–8]. Long-lasting and exhausting fatigue,
Post-Exertional Malaise (PEM), cognitive dysfunction, dyspnea and signs and symptoms
of orthostatic intolerance (OI) are among the main symptoms [9–14]. These are also core
symptoms of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) [15]. OI
is highly prevalent in ME/CFS [16–18] and also occurs early in Long COVID [9]. Upon
assuming the upright position, patients experience a worsening of symptoms and a de-
crease in cerebral blood flow occurs, while hypotension and orthostatic tachycardia are
less consistent findings. The causes for the development of OI following acute COVID-19
infection are unknown. Since a portion of Long COVID patients develop a disease indistin-
guishable from ME/CFS [8,9], investigation into the causes of the early occurrence of OI
after COVID-19 infection may also give clues to the understanding of the pathophysiology
of OI in ME/CFS or ME/CFS itself.

It is commonly believed that autonomic dysfunction is the primary cause of orthostatic
dysfunction (OD) [9,19]. Here, we present a different explanation for the pathogenesis
of OI that considers the role of the blood vessel system, namely the capacitance vessels,
in orthostatic regulation (OR). We do not question that autonomic dysfunction is also
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present [20–25] and contributes to the pathophysiology of OI. However, we think that it is
not the primary cause but rather develops secondarily as a consequence of an underlying
vascular disturbance caused by the COVID-19 infection.

2. Orthostatic Intolerance after COVID-19 Infection: Is Disturbed Microcirculation of
the Vasa Vasorum of Capacitance Vessels the Primary Defect?

Before discussing in detail how vascular dysfunction could cause and explain OD in
Long COVID, we first describe four main mechanisms that are involved in physiological
and pathophysiological OR.

2.1. Impact of Capacitance Vessels and Autonomic Regulation on OR

During OR, large arterial and venous blood vessels contract to maintain the circulating
blood volume and blood pressure. Capacitance vessels below the heart that have been
distended by the sudden elevated hydrostatic pressure after a change from the lying into
the upright position contract to counteract distension that otherwise would reduce the
circulating blood volume and preload to the heart. Capacitance vessels above the heart
contract to compensate for the distension-induced volume loss in the periphery. This
function implies that these vessels relax at rest to take up blood that can be delivered into
the systemic circulation during OR and exercise. Adaptation to exercise (ergoreflex and
metaboreflex) requires an even higher degree of contraction of those vessels together with
a diversion of blood from the intestines and other organs to the skeletal muscles, the heart
and the brain. From a theoretical point of view, the capacitance vessels system can be
impaired by several, even opposing disturbances.

(1) Capacitance vessels do not adequately contract when needed (behaving like a
“flaccid tube system”) due to a failure to contract the smooth muscles located in the media
of the vessel wall.

(2) Capacitance vessels may structurally be rigid and additionally shrunk, therefore
being unable to dilate and to take up blood at rest, which then cannot be delivered in
sufficient quantity into the systemic circulation during OR (a rigid and perhaps shrunk
tube system).

(3) Inappropriate filling of the vascular system, or hypovolemia, causes OI and is
consistently found in ME/CFS with low renin (renin paradox) [26]. A hypothesis for this
paradox is given elsewhere [27].

(4) Inappropriate autonomic regulation (baroreflex, volume regulation, volume- and
barosensors and vagal and sympathetic activity) occurs if autonomic OR is too weak, too
slow or if it is exaggerated. Exaggerated sympathetic activity during OR is supposed to
cause cerebral vasoconstriction. Apart from hypovolemia, autonomic dysfunction is clearly
present in ME/CFS and Long COVID. Hyperventilation, which is also reported to occur in
ME/CFS and Long COVID, may contribute to cerebral vasoconstriction [18].

2.2. Disturbed Microcirculation as an Alternative Trigger for a Dysfunctional OR?

A severe vascular disturbance occurs in COVID-19 infection and persists to a certain
level in Long COVID, and accounts for the high vascular event rate during and after COVID-
19 infection [28]. Several mechanisms have been reported to perturb the microcirculation,
like endothelial dysfunction, formation of microthrombi and altered rheological properties of
blood cells [29–34]. Signs of autonomic dysfunction are also found in Long COVID [20–25],
but we question that autonomic dysfunction is the primary cause of OI.

Disturbed microcirculation mainly affects blood flow in small vessels and capillaries.
Large and medium sized vessels are also perfused and nourished by small vessels; the vasa
vasorum, that supply the adventitia and large part of the media of the vessel wall [35–39].
Large arteries of the systemic circulatory system, the pulmonary arteries and particularly
large and medium sized veins are endowed with vasa vasorum. The veins being the
most important capacitance vessels are endowed with extensive vasa vasorum, because
of the low luminal (venous) partial oxygen pressure, which does not enable sufficient
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oxygen supply from the lumen to the vessel wall, in contrast to arteries [40,41]. Since these
veins have an active role in OR and since venous oxygen partial pressure is most likely
insufficient to fully support their active contractile function, they are critically dependent
on arterial blood supply from their vasa vasorum. The latter are functional endarteries
receiving no collateral blood flow from neighbouring microvessels [36] so that a disturbed
perfusion or even an obstruction of such a supplying small vessel will cause hypoxia,
which then can impair contractile function and also affect structure. Without appropriate
contractile response of the capacitance vessels, orthostatic dysregulation occurs when
assuming the upright position. Several papers report that the vasa vasorum of large vessels
are affected after COVID-19 [35–39]. It has already been postulated that the involvement of
the large vessels during COVID-19 infection found both in children and in adults is likely
due to dysfunction of their vasa vasorum, and SARS-CoV-2 induced microthrombosis of
vasa vasorum would lead to hypoxic conditions in the adventitia [36]. More systematic
investigation is certainly needed to substantiate these findings made in small studies so far.

Smooth muscle cells in the media of capacitance vessels actively contract when being
stimulated by alpha-adrenergic receptors during OR and for adaptation of the cardiovas-
cular system to exercise (raising preload of the heart). Inflammation, malnutrition and
hypoxia, as a consequence of disturbed microcirculation, may affect the contractile function
of the smooth muscle cells to cause not only OD but also maladaptation of the cardiovascu-
lar system to exercise by the inability to raise cardiac preload and, thereby, cardiac output.
Aortic inflammation was found after COVID-19 infection with 18-Fluorodeoxyglucose
investigation [42]. This, together with the microcirculatory disturbance in skeletal muscle
itself, may affect muscular perfusion to cause fatigue. Skeletal muscle hypoperfusion,
as a result of those vascular disturbances, together with mitochondrial dysfunction in
skeletal muscle, which we assume is due to an ionic disturbance of sodium and calcium
handling, could explain the high fatigability, loss of force and skeletal muscle complaints
like myalgia [43,44]. A wide variety of histological changes including mitochondrial alter-
ations, inflammation and capillary injury were found in muscle biopsies of patients with
post-COVID-19 complaints [45].

Being unable to adequately contract, the vascular capacitance system would behave as
a “flaccid tube system.” An expected consequence of this vascular failure would be a rise in
sympathetic activity to compensate for the deficit. An appropriate compensation will not
always be possible, sympathetic activity is expected to strongly rise and to finally overshoot.
Beyond a certain level, sympathetic activation becomes counterproductive and harmful
by itself, thereby worsening OD by causing excessive, mainly cerebral and skeletal muscle
alpha-adrenergic receptor mediated vasoconstriction, which has the potential of causing a
vicious circle and of fixing OI so that it persists. In ME/CFS, reduced cerebral blood flow
was even found in a sitting position, and in severe ME/CFS, even at 20 degrees of head-up
tilt [46,47]. This means that in the awake state in human everyday life, orthostatic stress is
almost unavoidable in ME/CFS. Chronic orthostatic stress has the potential to desensitize
β 2-adrenergic receptors, which are very important in skeletal muscle physiology, and also
the alpha2-adrenergic (inhibitory) autoreceptors, whose dysfunction could cause sympa-
thetic and adrenergic hyperactivity and hypervigilance, as described previously [44,48].
Another potential disturbance should be considered as an additional vascular mechanism
contributing to OD. In Long COVID, autoantibodies have been found targeting β2- and
adrenergic α1-receptors, the MAS-receptor and the angiotensin-II-type-1 receptor. The
presence of these autoantibodies could be linked to an impaired retinal capillary microcircu-
lation, potentially mirroring the systemic microcirculation [49]. Such autoantibodies against
vascular regulators have the potential to disturb OR as a highly coordinated vascular pro-
cess. This is another argument for the idea of a vascular disturbance as the cause of OI.

Altogether, the possibility should be considered that the vascular disturbance, which
is undoubtedly present in Long COVID, does primarily cause OI and that autonomic dys-
function is the consequence thereof, which then contributes to worsening and maintaining
of OD. Figure 1 shows the vicious cycle that could arise from these disturbances. From an
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epistemological point of view, it makes more sense starting the search or analysis of the
potential causes of OI from the proven (micro)vascular disturbance than to assume a new
and still vague concept like neuroinflammation.
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Figure 1. Hypothetical Role of the Capacitance Vessels and their Vasa Vasorum in Orthostatic
Intolerance in the Post-COVID-19 Syndrome.

How does the vascular disturbance of the capacitance system evolve over time? As-
suming that a functional disturbance of capacitance vessels occurs in Long COVID to cause
OI, as we assume here, the question is how this disturbance could evolve chronically when
ME/CFS after COVID-19 is fully established. OI was already found to be highly prevalent
in ME/CFS before the COVID-19 pandemic. Are the pathomechanisms causing OI the
same in ME/CFS and Long COVID? Does the COVID-19-induced vascular disturbance,
i.e., the presumed inability of the vascular media of the capacitance vessels to adequately
contract, persist over time? As mentioned above, autonomic dysfunction, which, in our
view, evolves secondary to the vascular disturbance and which is further enhanced by
ME/CFS [48], indeed has the potential to contribute to the chronification of OI. A further
finding in ME/CFS from investigations before COVID-19 is that hearts are smaller [50–52].
This may be due to the effect of a chronically low cardiac preload that is favored both by
chronic hypovolemia and a disturbed capacitance vessel system unable to adequately fill
the heart, which causes cardiac hypotrophy in the long run. Small hearts, in turn, may
be another mechanism to contribute to the fixing of OI and maladaptation to exercise
(exercise intolerance).

The assumed inability of the capacitance vessels to adequately contract during OR
as a consequence of a microcirculatory disturbance of the vasa vasorum in Long COVID
is not the only vascular pathomechanism potentially causing OD, as already mentioned
above. The opposite disturbance, a rigid and perhaps shrunk capacitance vascular system,
would probably also result in OD and maladaptation to exercise, as explained. It is
worthwhile considering whether the latter is present or evolves in long-lasting ME/CFS as
an alternative explanation for OI. The finding of small hearts could also suggest shrinkage
of the cardiovascular low-pressure system. High sympathetic tone, low cardiac preload
and hypovolemia are present in ME/CFS [51–59], which means that the diameter of these
large vessels could be chronically smaller than normal. Does this also affect the structure of
the blood vessels, which could mean fixation and shrinkage in a narrowed position similar
to what we assume for the development of small hearts? Vessels are prone to long-term
morphological changes, as known from chronic cardiovascular diseases like hypertension.

3. Concluding Remarks

Orthostatic intolerance observed in patients following infection with the COVID-19
virus and the development of Long COVID syndrome is induced by a pathologic response
of the vasa vasorum of the capacitance vessels, leading to impaired vessel function. Dys-
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function of the vasa vasorum includes endothelial dysfunction, microthrombus formation
and disturbance of the rheological parameters of the blood cells. If the assumption holds
true that the primary etiology of OI is a consequence of this microcirculatory dysfunction in
contrast to the autonomic dysfunction, this would lead, in turn, to more specific treatment
options and a potentially improved therapy outcome for the patient. Our intention is that
instead of an a priori fixation on autonomic dysfunction, the dysfunction of capacitance
vessels is taken into consideration as a potential primary cause of OI in Long COVID. Our
assumptions for an altered capacitance vessel system explaining OD in Long COVID and
ME/CFS are possibly amenable to experimental verification by comparing the diameters or
volumes of large capacitance vessels in the recumbent and upright position in Long COVID
and ME/CFS patients versus healthy controls.
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