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Abstract
Corona virus disease 2019 (COVID-19) causes symptoms from multiple organs after
infection by severe acute respiratory syndrome corona virus 2 (SARS CoV-2). They
range from early, low blood oxygen levels (hypoxemia) without breathlessness (“silent hypoxia”), delirium, rashes, and loss of smell (anosmia), to persisting chest pain,
muscle weakness and -pain, fatigue, confusion, memory problems and difficulty to
concentrate (“brain fog”), mood changes, and unexpected onset of hypertension or
diabetes. SARS CoV-2 affects the microcirculation, causing endothelial cell swelling and damage (endotheliitis), microscopic blood clots (microthrombosis), capillary
congestion, and damage to pericytes that are integral to capillary integrity and barrier
function, tissue repair (angiogenesis), and scar formation. Similar to other instances
of critical illness, COVID-19 is also associated with elevated cytokine levels in the
systemic circulation. This review examines how capillary damage and inflammation
may contribute to these acute and persisting COVID-19 symptoms by interfering with
blood and tissue oxygenation and with brain function. Undetectable by current diagnostic methods, capillary flow disturbances limit oxygen diffusion exchange in lungs
and tissue and may therefore cause hypoxemia and tissue hypoxia. The review analyzes the combined effects of COVID-19-related capillary damage, pre-existing microvascular changes, and upstream vascular tone on tissue oxygenation in key organs.
It identifies a vicious cycle, as infection- and hypoxia-related inflammation cause
capillary function to deteriorate, which in turn accelerates hypoxia-related inflammation and tissue damage. Finally, the review addresses the effects of low oxygen and
high cytokine levels in brain tissue on neurotransmitter synthesis and mood. Methods
to assess capillary functions in human organs and therapeutic means to protect capillary functions and stimulate capillary bed repair may prove important for the individualized management of COVID-19 patients and targeted rehabilitation strategies.
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IN T RO D U C T IO N

In the past year, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections have swept across continents, claiming over 1.5 million lives (The Johns Hopkins
Coronavirus Resource Center (CRC), 2020). First considered
a respiratory disease, coronavirus disease 2019 (COVID-19)
also affects other organ systems, including the brain, heart,
kidneys, liver, skeletal muscle, and skin of infected patients.
SARS-CoV-2 is asymptomatic in some, whereas others
develop severe symptoms, some requiring ventilator treatment. Elderly patients, and patients with preexisting respiratory disease or cardiovascular risk factors, are at greater
risk of a severe disease course (Liu et al., 2020). In many
patients, symptoms persist after the infection, affecting patients’ return to work and quality-of-life—see Table 1 (Yelin
et al., 2020). While most symptoms disappear over the weeks
and months following the infection, the extent of long-term
COVID-19 sequela remains unclear.
SARS-CoV-2 infection affects the vascular system and
blood's coagulation properties, injuring vascular walls and
causing blood clots to form in both large and microscopic
blood vessels (Ackermann et al., 2020; Liu et al., 2020;
Teuwen et al., 2020). While we are familiar with the pathophysiology, symptoms, diagnostic findings, and management
of large vessel occlusions (e.g., acute stroke, coronary occlusion, pulmonary embolism, deep venous thrombosis),
the consequences of microcirculatory disturbances, for example, the narrowing or occlusion of individual capillaries,
remain unclear (Ackermann et al., 2020; Fox et al., 2020;
T A B L E 1 Long-term complaints of people recovering from acute
COVID-19. Adapted from Yelin et al. (2020)
Extreme fatigue
Muscle weakness
Low-grade fever
Inability to concentrate
Memory lapses
Changes in mood
Sleep difficulties
Headaches
Needle pains in arms and legs
Diarrhea and bouts of vomiting
Loss of taste and smell
Sore throat and difficulties to swallow
New onset of diabetes and hypertension
Skin rash
Shortness of breath
Angina (Chest pains)
Palpitations (irregular heartbeat)
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Varga et al., 2020). This review addresses this knowledge gap
(Østergaard, 2020).
Our current vascular disease paradigm focuses on blood
flow-limiting conditions on the one hand, and symptoms of
hypoxia and hypoxic tissue injury, on the other. Blood's capillary transit time, however, determines the time availability
for blood-tissue oxygen exchange, and any deviations from
a homogenous distribution of blood across the capillary
bed therefore reduce the capillary bed's functional capillary
permeability surface area product (PS) for oxygen transport
(Jespersen & Østergaard, 2012; Østergaard, 2020). Therefore,
blood's uptake of oxygen in the lungs, and the uptake of oxygen by tissue, not only depend on blood flow, but also on
bloods microscopic distribution across the capillary bed
(Angleys & Østergaard, 2020; Hsia et al., 1999; Jespersen
& Østergaard, 2012; Østergaard, 2020). Biophysically, the
redistribution of blood among open capillaries can account
for the puzzling increase in oxygen PS observed as blood
flow increases through most organs, without the need to invoke classical “capillary recruitment” (the active opening of
previously closed capillaries), which has now been ruled out
in most organs (Østergaard, 2020; Poole et al., 2020). This
review focuses on the effects of break-downs in the factors
that ensure the crucial, parallel increase in PS and blood
flow, after biophysical models have predicted that capillary
occlusions and severe capillary flow disturbances can limit
tissue oxygenation to the same extent as symptomatic reductions in blood flow (ischemia) in brain, heart, and kidneys
(Østergaard et al., 2013, 2014, 2015).
Consistent with these predictions, patients with mild cognitive impairment (MCI) and Alzheimer's Disease (AD), who
show widespread cerebral microvascular flow disturbances
compared to controls (Eskildsen et al., 2017; Nielsen et al.,
2020), also display loss of cognitive functions across patients
and over time in proportion to these disturbances and the
resulting decline in critical brain regions’ ability to extract
blood's oxygen (Eskildsen et al., 2017; Nielsen et al., 2017).
Such capillary dysfunction is believed to develop over decades, as microvascular injuries accumulate due to aging, risk
factor, and diseases—but only to cause symptoms when the
injuries reach a certain threshold. The review examines how
sudden, COVID-19-related microvascular changes affect oxygen availability in subjects with different, pre-existing levels of capillary dysfunction, and asks whether, for example,
unexpected hypertension and COVID-19-related cognitive
symptoms (“brain fog”) are related to transient reductions in
blood and brain oxygenation.
Reductions in tissue oxygen levels activate inflammation
and cytokine release (Eltzschig & Carmeliet, 2011), which
may interfere with neurotransmission, just as oxygen is important for the brain's serotonin synthesis (Østergaard et al.,
2018). The review discusses how microvascular damage and
inflammation could affect brain functions, including mood.
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The availability of oxygen in tissue depends on the
function of its capillaries as well as arterial blood's oxygen
concentration, both of which may be limited by COVID19. This integrative review therefore addresses putative
consequences of capillary flow disturbances in both lungs
and other tissues.

2 | H OW CA N COV ID -19-R E LATED
CA P IL LA RY CHA NGE S A F F E C T
BLO O D OX YG E NAT ION ?
The oxygen uptake in lung alveoli is limited by capillary
blood's mean transit time (MTT), the time available for
blood-air oxygen exchange in lung alveoli before blood returns the heart. Capillary occlusions in the lung can therefore limit blood's oxygen uptake as the cardiac output has
to pass through fewer capillaries, only faster. In patients
who died from respiratory failure caused by SARS-CoV-2,
Ackermann et al. found alveolar capillary microthrombi
to be nine times more prevalent than in patients who died
from acute respiratory distress (ARDS) secondary to influenza A[H1N1] (Ackermann et al., 2020), suggesting
that alveolar capillary occlusions are characteristic of
COVID-19. Unlike influenza-related ARDS, COVID-19
was further characterized by significant new blood vessel
formation by intussusceptive angiogenesis, giving rise to
substantial distortions of the alveolar capillary plexus’ architecture (Ackermann et al., 2020). The benefits, in terms
of blood oxygenation, of this response to parenchymal hypoxia is contingent on alveolar ventilation as well as the
function of these new, chaotic microvessels, keeping in
mind that angiogenesis tends to result in capillaries that act
as “shunts” for blood through the microcirculation (Pries
et al., 2010). Reynolds et al. found evidence of blood being
shunted through the lung circulation in more COVID-19
patients with severe pneumonia (83%) than in patients
with ARDS (26%; Reynolds et al., 2020a). Unlike ARDS
patients, the extent of this shunting was associated with
poor blood oxygenation in COVID-19 patients (Reynolds
et al., 2020a). The authors attribute these findings to abnormally dilated alveolar capillaries with diameters in excess
of 24 μm (normal alveolar capillaries <15 μm; Reynolds
et al., 2020b), consistent with significant capillary shunting, possibly related to changes in alveolar angio-architecture and congested, parallel capillary pathways.
The alveolar blood–air barrier is less than a micrometer
thick and provides efficient gas exchange by its high permeability to oxygen and 5–10 times higher permeability to carbon
dioxide (CO2). In ARDS, fluid, immune cells, and cell debris
accumulate in lung alveoli and within alveolar walls, preventing gas exchange so poorly oxygenated, CO2-rich blood returns to the heart – so-called right-to-left shunting. Hypoxic
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vasoconstriction counteracts such shunting and matches perfusion and ventilation across normal lungs by limiting blood
flow through poorly ventilated alveoli.
The apparent capillary transit-time effects in COVID19 differ from “traditional” right-to-left shunting in two respects: First, transit time effects limit blood's oxygen uptake
even in well-aerated alveoli. Second, CO2 exchange is largely
insensitive to transit-time effects due to its high permeability.
In patients with well-ventilated alveoli, transit-time effects
are therefore expected to cause normocapnic hypoxemia, and
may therefore contribute to “silent hypoxia” because hypercapnia, in some, confers the sense of breathlessness. Reports
of severe hypoxemia in COVID-19 patients whose lung compliance and chest CT suggest that their alveoli remain both
aerated (Gattinoni et al., 2020) and perfused (Lang et al.,
2020), are also consistent with severe alveolar capillary microthrombosis and capillary shunting early in the course of
the disease.
In patients with obliterative lung diseases, such as emphysema and pulmonary fibrosis, lung capillary blood volume is
reduced (Hsia, 2002) and alveolar MTT (~the ratio between
the lungs’ capillary blood volume and cardiac output) may
therefore become critically short if hypoxic vasoconstriction
redistributes blood among fewer alveoli and capillary occlusions further shorten individual alveolar MTT. Transit-time
effects may therefore contribute to the vulnerability of these
patients to COVID-19.

3 | PRE- EXISTING CAPILLARY
DYSFUNCTION AND OXYGEN
AVAILABILIT Y IN TISSUE
Transit time effects can limit air-blood and blood-tissue oxygen transport even in the absence of capillary occlusions.
Oxygen extraction from the capillary bed is most efficient
if end-capillary oxygen concentrations are equal (Jespersen
& Østergaard, 2012; Lucker et al., 2018) – see Figure 1a.
Any capillary flow disturbances, for example, due to endothelial swelling or the slow passage of activated neutrophils through some capillaries, shorten bloods transit times
through the remaining, patent capillaries, limiting oxygen
uptake (Østergaard, 2020) – see Figure 1b.
Capillary transit-time heterogeneity (CTH) quantifies the
extent of capillary flow disturbances, typically in terms of the
standard deviation of capillary transit times or blood velocities within a microscopic tissue volume. Importantly, CTH
also quantifies the combined, accumulated impact of aging,
risk factors, and disease-related microvascular damage on
capillary hemodynamics at a given time point—and allows
its impact on tissue oxygenation to be calculated, alongside
that of tissue blood flow, by biophysical models (Angleys
et al., 2015; Jespersen & Østergaard, 2012).
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F I G U R E 1 Capillary dysfunction and tissue oxygenation
(a) Schematic capillary bed. Fully oxygenated blood is indicated by
red and its transition to blue illustrates gradual deoxygenation as
oxygen diffuses into tissue. In this illustration, the distribution of blood
across parallel capillary paths is homogenous (no capillary transit-time
heterogeneity, i.e., CTH=0), providing optimal oxygen extraction.
Modified from (Østergaard, 2020). (b) Capillary flow disturbances can
be caused by either a narrowing or a widening of individual capillary
segments, or by altered blood properties, such as reduced erythrocyte
deformability or neutrophil adhesion after glycocalyx shedding. Note
how the inability to homogenize capillary transit times across the
capillary bed (CTH > 0) leads to poorer oxygen extraction although
blood flow is identical to panel a. Modified from (Østergaard, 2020).
(c) This panel illustrates how, for modest increases in CTH, tissue
oxygen tension (tO2) can be maintained by a compensatory increase
in blood flow, contrary to our current vascular disease paradigm
(Østergaard, 2020). The dashed red line indicates CTHc, above which
metabolic demands can only be met by limiting blood flow (Angleys
et al., 2015; Jespersen & Østergaard, 2012). The lower blood supply
causes tO2 to decrease, whereas the longer blood transit times and
higher blood-tissue oxygen concentration gradients provide more
efficient oxygen extraction from blood, understood as a higher oxygen
extraction fraction (OEF). The futility of increasing blood flow beyond
the capillary bed's capacity to extract blood's oxygen may be reflected
in reperfusion injury after ischemic episodes, during which capillaries
irreversibly constrict (O'Farrell et al., 2017; Yemisci et al., 2009).
As CTH increases beyond CTHc, BF, and tO2 gradually decreases.
The red arrow indicates a 50% reduction in tissue oxygen tension to
highlight the threat to critical, ATP-sensitive cell processes and organ
functions. (d) The curves illustrate how cardiovascular risk factors
that accelerate capillary injury (Østergaard et al., 2016) modify the
curves displayed in panel c (indicated in lighter, gray, green and blue,
respectively). Note how CTHc and the onset of critically low tissue
oxygen levels are expected to be reached earlier in the affected tissues.
The clinical correlates of this earlier attenuation of blood flow may
be earlier onset of endothelial dysfunction and hypertension, higher
morbidity due to accelerated microvascular injury in critical organs,
and lower life expectancy

Tissue blood flow (BF) is closely regulated to meet
local metabolic demands while maintaining tissue oxygen

tension (tO2) within a narrow range. Figure 1c illustrates
how tissue blood flow (BF) can sustain a constant rate
of oxygen metabolism as capillary function deteriorates
(CTH increases, PS decreases) over time. Notice how a
gradual BF increase initially compensates for the reduction in oxygen extraction efficacy. Because of the opposing
effects of higher blood supply and shorter MTT on tissue
oxygenation, however, CTH invariably reaches a critical
threshold, CTHc, beyond which further vasodilation can
no longer sustain normal tO2. To meet metabolic demands,
BF must instead be reduced to limit the “shunting” of oxygenated blood through the microcirculation—at the expense of a gradual reduction of tO2. Note that such critical
levels of capillary shunting can be reached at any CTH
level by a sufficiently large blood flow increase (MTT
reduction; Angleys et al., 2015; Jespersen & Østergaard,
2012). The critical transition at CTHc is therefore expected
to be presaged by a gradual attenuation of vasodilator responses before this threshold is reached, as the accompanying blood flow increases critically shorten transit times.
This property has been linked to endothelial dysfunction
(attenuated flow responses to endothelial-dependent vasodilators) characteristic of cardiovascular risk factors, and
the subsequent increase in vascular resistance and vascular
wall remodeling associated with hypertension (Østergaard,
2020).
As CTH increases further, tissue oxygen tension is expected to fall to levels where critical cell functions become
compromised (red arrow), after which failure of critical
organ functions may ensue.
Figure 1d illustrates how accelerated deterioration of
capillary function due to life-long exposure to vascular risk
factors (e.g., hypercholesterolemia, smoking) is expected
to result in earlier onset of capillary dysfunction-related
disorders (Østergaard et al., 2016) and possibly reduce life
expectancy.
Figure 2 illustrates how short-term COVID-19-related
capillary flow disturbances (increased CTH) are predicted
to affect tissue oxygenation and organ functions for subjects
with different levels of pre-existing age and risk factor-related capillary dysfunction. In younger subjects, capillary
damage is expected to be asymptomatic, except during exercise where lung, heart, or muscle capillary function is
affected—Figure 2a. Note how patients with asymptomatic
pre-existing capillary dysfunction in brain tissue (Figure
2b) could experience the sudden deterioration to CTH and
tissue oxygen levels characteristic of mild cognitive impairment or AD (Nielsen et al., 2020) as “brain fog” and
memory problems. In elderly patients with symptomatic
pre-existing capillary dysfunction in certain organs, additional capillary flow disturbances are expected to worsen
symptoms significantly and to potentially be life-threatening—Figure 2c.
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age

Young / mild capillary
dysfunction

Middle-aged / moderate
capillary dysfunction

Old / severe capillary
dysfunction

• Endothelial dysfunction
• Reduced aerobic capacity

•
•
•
•
•

•
•
•
•
•

Unexpected hypertension
Angina
Memory problems
Brain fog
Fatigue, muscle pain

|

Diffuse myocyte injury / apoptosis
Diffuse neuronal / axonal injury
Renal failure
Organ failure
Death

F I G U R E 2 Temporary capillary flow disturbances and tissue oxygenation. This figure illustrates how temporary COVID-19-related flow
disturbances are expected to affect flood flow (BF) and tissue oxygen tension (tO2). Panels show expected responses in tissue with mild (panel
a), moderate (panel b), and severe (panel c) pre-existing capillary dysfunction. (a) If tissue CTH remains below CTHc during COVID-19-related
capillary flow disturbances, tO2, and thereby organ functions during rest, are likely to remain unaltered. For organs that rely on capillary transit
time homogenization to meet their metabolic demands during work, such as the heart and skeletal muscle (Angleys & Østergaard, 2020), the
additional capillary dysfunction is expected to reduce maximum aerobic capacity, affecting the performance of, for example, young athletes. These
signs are expected to reverse upon successful therapeutic or intrinsic capillary recanalization/repair. Irreversible changes to the capillary bed's
oxygen extraction capacity, however, may accelerate the emergence of symptoms and disease changes in the affected tissues, cf. Figure 1d. (b) For
patients with asymptomatic, moderate preexisting capillary flow disturbances, a COVID-19-related CTH increase may cause them to exceed CTHc
and lead to a reduction in blood flow and tissue oxygen tension. While, for example, MCI-like symptoms are expected to disappear with diseaserelated capillary flow disturbances, they may herald developing capillary dysfunction and the benefits of managing cardiovascular risk factors to
prevent or delay their recurrence in later life (Hachinski et al., 2019). In COVID-19 patients with pre-existing myocardial capillary dysfunction,
a sudden CTH increases may reduce tO2 to levels so that they experience angina during exercise in the absence of flow-limiting coronary disease
(Østergaard et al., 2014). (c) In patients with symptomatic, pre-existing severe capillary dysfunction, further increases in CTH are expected to
cause immediate drops in oxygen availability and worsen preexisting symptoms (e.g., confusion or delirium in patients who already have dementia,
myocardial damage, or kidney failure). If oxygen levels fall below the metabolic requirement of critical cell functions, tissue and organ damage is
expected to cause lasting symptoms or even organ failure and premature death

4 | SA R S - COV-2 IN F E C T ION
AN D ITS E F FE C T ON T H E
MI C RO C IRC U LAT ION
The SARS-CoV-2 virus can bind to angiotensin-converting
enzyme 2 (ACE2) receptors on cell surfaces and be internalized by the cell (Liu et al., 2020). The virus-receptor
interaction is thought to reduce ACE2 action and increase
levels of angiotensin II, a powerful capillary and arteriolar
vasoconstrictor (Capone et al., 2011; Kawamura et al., 2004;
Tilton et al., 1979) that propagates thrombogenicity, oxidative stress, and inflammation (Liu et al., 2020). With respect
to COVID-19 respiratory symptoms, alveolar epithelial,
and capillary endothelial cells express ACE2 receptors and
SARS-CoV-2 particles are found within both cell types in
COVID-19 patients (Ackermann et al., 2020; Carsana et al.,
2020). As for the anosmia (loss of smell) experienced by
COVID-19 patients, ACE2 receptors are observed on sustentacular (support) cells in human olfactory epithelium in the
nasal cavity but not on brain olfactory nerve cells in mice
(Brann et al., 2020).

4.1

|

Capillary pericytes

In the heart (Chen et al., 2020; He et al., 2020) and brain
(including the olfactory bulb; Brann et al., 2020; He et al.,
2020) of mice, capillary pericytes express ACE2. Pericytes
are embedded in the capillary basement membrane and are
important for the formation, maintenance, and remodeling
of capillaries (Armulik et al., 2011). In the lungs, severe
COVID-19 is related to an extensive loss of capillary pericytes (Burel-Vandenbos et al., 2020), an essential substrate
for angiogenesis (Kato et al., 2018) and possibly for lung repair and lung function recovery after COVID-19. Notably,
lung capillaries in COVID-19 show extensive signs of angiogenesis, suggesting reparative processes in response to tissue
hypoxia (Ackermann et al., 2020).
Some pericytes are contractile and respond to a range of vasoactive molecules (Diaz-Flores et al., 2009). They are involved
in blood flow control (Hall et al., 2014) but brain and myocardial
pericytes may also die in a contracted state (“rigor”), hindering
subsequent erythrocyte passage, when exposed to hypoxia and
oxidative stress (Hall et al., 2014; O'Farrell et al., 2017; Yemisci
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et al., 2009). Pericyte damage is implicated in the development
of diabetes (Richards et al., 2010), and pericyte infection could
contribute to COVID-19-related diabetes (Coate et al., 2020).
Pericytes undertake microvascular barrier functions (Armulik
et al., 2010) and facilitate tissue's recruitment of immune cells
in response to viral and bacterial proteins (Proebstl et al., 2012;
Wang et al., 2012). During such immune responses, pericytes
change phenotype to become migratory (Wang et al., 2012),
possibly abandoning other functions of importance to capillary
bed integrity, function, and repair.

4.2

|

Endothelial cells

In most human organs, microvascular endothelium express
ACE2 surface receptors (Donoghue et al., 2000; Hamming
et al., 2004), but see (He et al., 2020). SARS-CoV-2 particles have been observed in the endothelium of the lung
(Ackermann et al., 2020), heart (Fox et al., 2020), brain
(Paniz-Mondolfi et al., 2020), skin (Colmenero et al., 2020),
and kidney (Varga et al., 2020). Notably, SARS-CoV-2 infection of endothelial cells (ECs) is associated with changes
in cell morphology and with EC apoptosis—and coincide
with findings indicative of severe hypoxia in surrounding
tissue. Accordingly, lung capillaries from deceased COVID19 patients show caliber changes as some ECs protrude into
the capillary lumen (Ackermann et al., 2020), some undergo apoptosis (Varga et al., 2020), and some show signs
of angiogenesis in response to severe, local tissue hypoxia
(Ackermann et al., 2020). In the heart, endothelial infection
is associated with EC swelling (plumpness) in small arterioles, capillaries and venules, and scattered necrosis of individual myocytes (Fox et al., 2020). In the brain, infection of
subcortical white matter microvessel endothelium is associated with hyper-acute, microscopic ischemic lesions, and
older ischemic and hemorrhagic microscopic lesions (PanizMondolfi et al., 2020). Finally, EC infection in the skin is
associated with endothelial swelling and in some patients
with thrombosis and fibrinoid necrosis in surrounding tissue
(“COVID toes”) (Colmenero et al., 2020).
Endothelial damage is likely to disturb capillary flow patterns, keeping in mind that erythrocyte diameters exceed that
of the capillary lumen. Importantly, disruptions of intercellular gap junctions between endothelial cells (Ackermann et al.,
2020) and endothelial cell apoptosis (above) disrupt intercellular connexin channels that allow signaling between endothelial cells and to upstream vascular smooth muscle cells
(Isakson et al., 2006). This fast, bidirectional communication
allows feed-back control of blood flow across the microcirculation to maintain cellular oxygenation (Segal., 2005; Segal
& Duling, 1986), and disruption of this communication is associated with extreme shunting of oxygenated blood through
the shortest capillary pathways (Pries et al., 2010).
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Glycocalyx

The capillary endothelium's luminal surface is covered by a
0.3–0.6 µm thick glycocalyx (Vink & Duling, 1996), a matrix that acts as a fluid barrier (Haaren et al., 2003) and impacts erythrocytes’ passage (Secomb et al., 1998). In critical
illness, partly due to elevated TNF-α levels, the glycocalyx
is shed (Henry & Duling, 2000; Nieuwdorp et al., 2009),
exposing cellular adhesions molecules that interact with immune cells to facilitate their extravasation. Cortisol protects
the endothelial glycocalyx against TNF-α induced shedding
(Chappell et al., 2009). Glycocalyx shedding profoundly affects microvascular resistance and capillary hemodynamics
(Cabrales et al., 2007; Lipowsky et al., 2011). In newly intubated COVID-19 patients, Stahl et al. found evidence of
glycocalyx shedding before signs of any EC injury and verified glycocalyx thinning by sublingual optical imaging (Stahl
et al., 2020).

4.4 | Capillary obstruction by neutrophils
(“stalled flow”)
Neutrophils are involved in the immune response to SARSCoV-2 infection. Much larger than erythrocytes and the average capillary diameter, they may occlude capillaries for several
seconds, and especially when activated, cause significant capillary flow disturbances (Harris & Skalak, 1993). Neutrophil
adhesion in brain capillaries impairs memory function and
causes sizeable reductions in cerebral blood flow in animal
models (Cruz Hernandez et al., 2019). The adhesion of hyper-activated neutrophils to capillaries within the lungs, brain,
heart, and other organs may therefore contribute to the poor
prognosis of some COVID-19 patients (Wang et al., 2020).

4.5

|

Microthrombosis

Capillary congestion and microthrombosis in the absence of upstream thrombi are common findings in the
lungs of patients who died from COVID-19-related respiratory failure (Ackermann et al., 2020; Carsana et al.,
2020). Microthrombosis has also been observed in the skin
(Colmenero et al., 2020) and the kidney's glomerular capillaries (Hanley et al., 2020).

5 | PARENCHYM AL
CELL INFECTION AND/OR
M ICROVASCULAR DYSFUNCTI ON ?
Capillary COVID-19 effects may trigger symptoms and tissue injury by critically reducing local tissue oxygenation, but
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symptoms may also be the result of direct parenchymal cell
infection.
In the lungs, infection of lung epithelium and capillary damage both seem to contribute to severe respiratory
symptoms. In brain tissue, endothelial or pericyte infections, alongside systemic inflammation, may cause local
hypoxia, but SARS-CoV-2 is also thought to be neurotrophic (capable of infecting nervous tissue). Nerve terminals have been speculated to take up virus particles and
transmit them across synapses to other brain regions (Gu &
Korteweg, 2007; Iadecola et al., 2020; Song et al., 2021).
Neuropathological examination suggests that cortical
neurons are infected in some patients (Song et al., 2021),
possibly following entry through the olfactory mucosa
(Meinhardt et al., 2020).
New-onset diabetes in COVID-19 patients was ascribed to
direct infection of insulin-producing pancreatic islet β cells,
but recently deemed unlikely due to their lack of ACE2binding protein (Coate et al., 2020). ACE2 was observed on
islet capillary pericytes and exocrine capillaries, however,
suggesting that, in this case, a microvascular origin is more
likely for the metabolic sequelae of COVID-19 (Coate et al.,
2020).
Many COVID 19 patients show elevated troponin levels
early in the course of their disease, indicative of myocyte injury (Liu et al., 2020). It remains uncertain whether SARSCoV-2 infects heart myocytes and cause persistent immune
cell infiltration (myositis), or whether myocyte injury is the
result of hypoxia, caused by pericyte infection and/or microvascular injury. Recent findings seemingly contradict the
former (Fox et al., 2020). Finding the sources of heart injury
in COVID-19 remains urgent (Maleszewski et al., 2020): In
one study, 78% of mostly un-hospitalized COVID-19 patients
showed abnormal cardiac MRI 2–3 months after diagnosis
(Puntmann et al., 2020).
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6 | HYPOXIA , INFLAM M ATIO N ,
AND CAPILLARY FUNCTION
COVID-19, like other instances of critical illness that involve
systemic hypoxia (Kox et al., 2020; Sinha et al., 2020), is
associated with cytokine release. TNF-α and other inflammatory factors are known to damage the glycocalyx and
impair endothelial functions (Liu et al., 2020; Zhang et al.,
2020). This immune response is likely to contribute to capillary dysfunction and reduced tO2 in affected tissue, where
cellular oxygen sensors, in turn, activate hypoxia-inducible
transcription factor (HIF) and the transcription of genes that
help tissue adapt to hypoxia (Eltzschig & Carmeliet, 2011).
Notably, hypoxia also activates the production of nuclear factor kappa beta (NF-κB), the master-switch for the transcription of genes that elicit inflammatory responses (Eltzschig &
Carmeliet, 2011). Figure 3 illustrates how hypoxia-induced
inflammation, by adding further to capillary dysfunction and
hypoxia, may constitute a vicious cycle in severe COVID-19.

7 | HYPOXIA , INFLAM M ATIO N ,
AND NEUROTRANSM ISSION
Low brain levels of serotonin are associated within lowered mood, anxiety, and susceptibility to depression
(Praag, 2004). Oxygen is a substrate for serotonin synthesis, and even at physiological oxygen levels, oxygen
availability seemingly limits 5-HT production (Katz, 1980;
Nishikawa et al., 2005). Also, when present in brain tissue, inflammatory cytokines such as TNF-α, IL-1, and
IL-6 give rise to sickness behavior—changes in subjective
experience and behavior that resemble those experienced
in depression (Dantzer & Kelley, 2007; Iadecola et al.,
2020). Cytokines are thought to reduce serotonin levels

Respiratory
tract infection
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F I G U R E 3 Interactions between
capillary function, inflammation, hypoxia,
and neurotransmission. The expression of
ACE2 and other SARS-CoV-2 entry factors
on parenchymal cells and observations
of infected cells in biopsy material hold
important clues to understand COVID-19related organ damage
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by turning its precursor, tryptophan, into kynurenine instead. Kynurenine metabolism, in turn, reduces glutamate
and dopamine release (Capuron & Miller, 2011), see also
(Miller et al., 2009). These mechanisms could affect cognitive functions and quality-of-life for COVID-19 patients
patient with hypoxemia, high cytokine levels, and/or reduced brain tO2—see Figure 3.

8 | T H E R A P E U T IC
I M P LICATION S?
Anticoagulant, antithrombotic, and antiplatelet drugs are
already implemented in the management of COVID-19
(Godino et al., 2020), and this review merely reiterates
the need to consider microvascular function, perhaps even
early in the disease. The review suggests that cellular energy crises may contribute to tissue vulnerability during
severe COVID-19. Therapies that limit metabolic demands
could therefore prove protective, keeping in mind that our
knowledge of COVID-19 remains limited and that any interventions should be carefully designed, monitored, and
reported. For example, maintenance of SGLT2 inhibitor
treatment might be tested in diabetic COVID-19 patients
with the aim of maintaining lowered kidney oxygen demands if precautions are taken to avoid ketoacidosis (Das
& Dutta, 2020). Similarly, glucocorticoids, besides protecting the microcirculation, have dose-dependent effects
on mitochondrial ATP yields that may inform optimal
dosing (Du et al., 2009). The choice of sedatives during
ventilator treatment may be guided by their effects on the
brain's metabolic demands and blood flow, respectively
(Koch et al., 2020) and monitored via plasma markers of
neuronal injury and glial activation (Kanberg et al., 2020).

9 | CO NC LUS ION —A N D
UNA N SW ER E D Q U E ST ION S
SARS-CoV-2-related inflammation and capillary damage may contribute synergistically to acute and long-term
COVID-19 symptoms by interfering with blood and tissue oxygenation. Further studies of microvascular changes
during COVID-19—and especially subsequent capillary
repair—are needed to understand capillary dysfunction's impact on the acute and chronic health effects of the disease.
If COVID-19-related capillary dysfunction persists in some
organs, future attention to the vascular health in younger
subjects with a history of COVID-19 may be warranted. The
COVID-19 pandemic highlights a need to develop biomarkers of capillary function across organs in humans—and may
increase our understanding of the microcirculation's role in
human health and disease.

ØSTERGAARD

ACKNOWLEDGMENT
The author is indebted to Prof. P. Gutiérrez-Lizardi for his
inspiration and to Ms Henriette Blæsild Vuust for artwork.
DISCLOSURES
LØ is a minority shareholder and Scientific Advisory Board
member in Cercare Medical Aps, Denmark and received honoraria for lecturing from Takeda Pharmaceutical Company
Limited.
ORCID
Leif Østergaard
R E F E R E NC E S

https://orcid.org/0000-0003-2930-6997

Ackermann, M., Verleden, S. E., Kuehnel, M., Haverich, A., Welte, T.,
Laenger, F., Vanstapel, A., Werlein, C., Stark, H., Tzankov, A., Li,
W. W., Li, V. W., Mentzer, S. J., & Jonigk, D. (2020). Pulmonary
vascular endothelialitis, thrombosis, and angiogenesis in Covid19. New England Journal of Medicine, 383(2), 120–128. https://
doi.org/10.1056/NEJMoa2015432
Angleys, H., & Østergaard, L. (2020). Krogh’s capillary recruitment
hypothesis, 100 years on: Is the opening of previously closed capillaries necessary to ensure muscle oxygenation during exercise?
American Journal of Physiology-Heart and Circulatory Physiology,
318(2), H425–H447. https://doi.org/10.1152/ajpheart.00384.2019
Angleys, H., Østergaard, L., & Jespersen, S. N. (2015). The effects of
capillary transit time heterogeneity (CTH) on brain oxygenation.
Journal of Cerebral Blood Flow & Metabolism, 35(5), 806–817.
https://doi.org/10.1038/jcbfm.2014.254
Armulik, A., Genove, G., & Betsholtz, C. (2011). Pericytes:
Developmental, physiological, and pathological perspectives,
problems, and promises. Developmental Cell, 21(2), 193–215.
https://doi.org/10.1016/j.devcel.2011.07.001
Armulik, A., Genove, G., Mae, M., Nisancioglu, M. H., Wallgard,
E., Niaudet, C., He, L., Norlin, J., Lindblom, P., Strittmatter, K.,
Johansson, B. R., & Betsholtz, C. (2010). Pericytes regulate the
blood-brain barrier. Nature, 468(7323), 557–561. https://doi.
org/10.1016/j.devcel.2011.07.001
Brann, D. H., Tsukahara, T., Weinreb, C., Lipovsek, M., Van den Berge,
K., Gong, B., Chance, R., Macaulay, I. C., Chou, H.-J., Fletcher, R.
B., Das, D., Street, K., de Bezieux, H. R., Choi, Y.-G., Risso, D.,
Dudoit, S., Purdom, E., Mill, J., … Datta, S. R. (2020). Non-neuronal
expression of SARS-CoV-2 entry genes in the olfactory system
suggests mechanisms underlying COVID-19-associated anosmia.
Science Advances, 6(31). https://doi.org/10.1126/sciadv.abc5801
Burel-Vandenbos, F., Cardot-Leccia, N., & Passeron, T. (2020).
Apoptosis and pericyte loss in alveolar capillaries in COVID-19
infection: Choice of markers matters. Author's reply. Intensive
Care Medicine, 46(10), 1967–1968. https://doi.org/10.1007/s0013
4-020-06220-1
Cabrales, P., Vazquez, B. Y., Tsai, A. G., & Intaglietta, M. (2007).
Microvascular and capillary perfusion following glycocalyx degradation. Journal of Applied Physiology, 102(6), 2251–2259. https://
doi.org/01155.2006
Capone, C., Faraco, G., Park, L., Cao, X., Davisson, R. L., & Iadecola, C.
(2011). The cerebrovascular dysfunction induced by slow pressor
doses of angiotensin II precedes the development of hypertension.

ØSTERGAARD

American Journal of Physiology-Heart and Circulatory Physiology,
300(1), H397–H407. https://doi.org/10.1152/ajpheart.00679.2010
Capuron, L., & Miller, A. H. (2011). Immune system to brain signaling: Neuropsychopharmacological implications. Pharmacology &
Therapeutics., 130(2), 226–238. https://doi.org/10.1016/j.pharm
thera.2011.01.014
Carsana, L., Sonzogni, A., Nasr, A., Rossi, R. S., Pellegrinelli, A., Zerbi,
P., Rech, R., Colombo, R., Antinori, S., Corbellino, M., Galli,
M., Catena, E., Tosoni, A., Gianatti, A., & Nebuloni, M. (2020).
Pulmonary post-mortem findings in a series of COVID-19 cases
from northern Italy: a two-centre descriptive study. The Lancet
Infectious Diseases, 20(10), 1135–1140. https://doi.org/10.1016/
s1473-3099(20)30434-5
Chappell, D., Hofmann-Kiefer, K., Jacob, M., Rehm, M., Briegel, J.,
Welsch, U., Conzen, P., & Becker, B. F. (2009). TNF-α induced
shedding of the endothelial glycocalyx is prevented by hydrocortisone and antithrombin. Basic Research in Cardiology, 104(1),
78–89. https://doi.org/10.1007/s00395-008-0749-5
Chen, L., Li, X., Chen, M., & Feng, Y., & Xiong, C. (2020). The ACE2 expression in human heart indicates new potential mechanism of heart
injury among patients infected with SARS-CoV-2. Cardiovascular
Research, 116(6), 1097–1100. https://doi.org/10.1093/cvr/cvaa078
Coate, K. C., Cha, J., Shrestha, S., Wang, W., Gonçalves, L. M., Almaça,
J., Kapp, M. E., Fasolino, M., Morgan, A., Dai, C., Saunders, D.
C., Bottino, R., Aramandla, R., Jenkins, R., Stein, R., Kaestner,
K. H., Vahedi, G., Brissova, M., & Powers, A. C. (2020). SARSCoV-2 cell entry factors ACE2 and TMPRSS2 are expressed in
the microvasculature and ducts of human pancreas but are not enriched in β cells. Cell Metabolism, 32(6), 1028–1040.e4. https://
doi.org/10.1016/j.cmet.2020.11.006
Colmenero, I., Santonja, C., Alonso-Riaño, M., Noguera-Morel, L.,
Hernández-Martín, A., Andina, D., Wiesner, T., RodríguezPeralto, J. L., Requena, L., & Torrelo, A. (2020). SARS-CoV-2 endothelial infection causes COVID-19 chilblains: histopathological,
immunohistochemical and ultrastructural study of seven paediatric
cases. British Journal of Dermatology, 183(4), 729–737. https://
doi.org/10.1111/bjd.19327
Cruz Hernández, J. C., Bracko, O., Kersbergen, C. J., Muse, V., HaftJavaherian, M., Berg, M., Park, L., Vinarcsik, L. K., Ivasyk,
I., Rivera, D. A., Kang, Y., Cortes-Canteli, M., Peyrounette,
M., Doyeux, V., Smith, A., Zhou, J., Otte, G., Beverly, J. D.,
Davenport, E., … Schaffer, C. B. (2019). Neutrophil adhesion
in brain capillaries reduces cortical blood flow and impairs
memory function in Alzheimer’s disease mouse models. Nature
Neuroscience, 22(3), 413–420. https://doi.org/10.1038/s4159
3-018-0329-4
Dantzer, R., & Kelley, K. W. (2007). Twenty years of research on cytokine-induced sickness behavior. Brain, Behavior, and Immunity,
21(2), 153–160. https://doi.org/S0889-1591(06)00300-X
Das, L., & Dutta, P. (2020). SGLT2 inhibition and COVID-19: The road
not taken. European Journal of Clinical Investigation, 50(12).
https://doi.org/10.1111/eci.13339
Diaz-Flores, L., Gutierrez, R., Madrid, J. F., Varela, H., Valladares, F.,
Acosta, E., Martín-Vasallo, P., Díaz-Flores Jr, L. (2009). Pericytes.
Morphofunction, interactions and pathology in a quiescent and
activated mesenchymal cell niche. Histology and Histopathology,
24(7), 909–969. https://doi.org/hh.um.es/pdf/Vol_24/24_7/DiazFlores-24-909-969-2009.pdf
Donoghue, M., Hsieh, F., Baronas, E., Godbout, K., Gosselin, M.,
Stagliano, N., Donovan, M., Woolf, B., Robison, K., Jeyaseelan,

   

|

9 of 12

R., Breitbart, R. E., Acton, S. (2000). A novel angiotensin-converting enzyme–related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1-9. Circulation Research, 87(5). https://doi.
org/10.1161/01.res.87.5.e1
Du, J., Wang, Y., Hunter, R., Wei, Y., Blumenthal, R., Falke, C.,
Khairova, R., Zhou, R., Yuan, P., Machado-Vieira, R., McEwen,
B. S., & Manji, H. K. (2009). Dynamic regulation of mitochondrial function by glucocorticoids. Proceedings of the National
Academy of Sciences, 106(9), 3543–3548. https://doi.org/10.1073/
pnas.0812671106
Eltzschig, H. K., & Carmeliet, P. (2011). Hypoxia and Inflammation.
New England Journal of Medicine, 364(7), 656–665. https://doi.
org/10.1056/nejmra0910283
Eskildsen, S. F., Gyldensted, L., Nagenthiraja, K., Nielsen, R. B.,
Hansen, M. B., Dalby, R. B., Frandsen, J., Rodell, A., Gyldensted,
C., Jespersen, S. N., Lund, T. E., Mouridsen, K., Brændgaard, H.,
& Østergaard, L. (2017). Increased cortical capillary transit time
heterogeneity in Alzheimer's disease: A DSC-MRI perfusion study.
Neurobiology of Aging, 50, 107–118. https://doi.org/10.1016/j.
neurobiolaging.2016.11.004
Fox, S. E., Li, G., Akmatbekov, A., Harbert, J. L., Lameira, F. S.,
Brown, J. Q., & Vander Heide, R. S. (2020). Unexpected features
of cardiac pathology in COVID-19 infection. Circulation, 142(11),
1123–1125. https://doi.org/10.1161/circulationaha.120.049465
Gattinoni, L., Chiumello, D., Caironi, P., Busana, M., Romitti, F.,
Brazzi, L., & Camporota, L. (2020). COVID-19 pneumonia: different respiratory treatments for different phenotypes? Intensive
Care Medicine, 46(6), 1099–1102. https://doi.org/10.1007/s0013
4-020-06033-2
Godino, C., Scotti, A., Maugeri, N., Mancini, N., Fominskiy, E.,
Margonato, A., & Landoni, G. (2020). Antithrombotic therapy in patients with COVID-19? -Rationale and Evidence-.
International Journal of Cardiology. https://doi.org/10.1016/j.
ijcard.2020.09.064
Gu, J., & Korteweg, C. (2007). Pathology and pathogenesis of severe
acute respiratory syndrome. The American Journal of Pathology,
170(4), 1136–1147. https://doi.org/10.2353/ajpath.2007.061088
Hachinski, V., Einhäupl, K., Ganten, D., Alladi, S., Brayne, C., Stephan,
B. C. M., Sweeney, M. D., Zlokovic, B., Iturria-Medina, Y.,
Iadecola, C., Nishimura, N., Schaffer, C. B., Whitehead, S. N.,
Black, S. E., Østergaard, L., Wardlaw, J., Greenberg, S., Friberg,
L., Norrving, B., … Khachaturian, Z. S. (2019). Preventing dementia by preventing stroke: The Berlin Manifesto. Alzheimer's
& Dementia, 15(7), 961–984. https://doi.org/10.1016/j.
jalz.2019.06.001
Hall, C. N., Reynell, C., Gesslein, B., Hamilton, N. B., Mishra, A.,
Sutherland, B. A., O’Farrell, F. M., Buchan, A. M., Lauritzen, M.,
& Attwell, D. (2014). Capillary pericytes regulate cerebral blood
flow in health and disease. Nature, 508(7494), 55–60. https://doi.
org/10.1038/nature13165
Hamming, I., Timens, W., Bulthuis, M. L. C., Lely, A. T., Navis, G. J.,
& van Goor, H. (2004). Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. The Journal of Pathology, 203(2),
631–637. https://doi.org/10.1002/path.1570
Hanley, B., Naresh, K. N., Roufosse, C., Nicholson, A. G., Weir, J.,
Cooke, G. S., Thursz, M., Manousou, P., Corbett, R., Goldin,
R., Al-Sarraj, S., Abdolrasouli, A., Swann, O. C., Baillon,
L., Penn, R., Barclay, W. S., Viola, P., & Osborn, M. (2020).
Histopathological findings and viral tropism in UK patients with

10 of 12

|   

severe fatal COVID-19: a post-mortem study. The Lancet Microbe,
1(6), e245–e253. https://doi.org/10.1016/s2666-5247(20)30115-4
Harris, A. G., Skalak, T. C. (1993). Effects of leukocyte activation on
capillary hemodynamics in skeletal muscle. American Journal
of Physiology-Heart and Circulatory Physiology, 264(3),
H909–H916. https://doi.org/10.1152/ajpheart.1993.264.3.h909
He, L., Mäe, M. A., Muhl, L., Sun, Y., Pietilä, R., Nahar, K., Liébanas,
E. V., Fagerlund, M. J., Oldner, A., Liu, J., Genové, G., Zhang, L.,
Xie, Y., Leptidis, S., Mocci, G., Stritt, S., Osman, A., Anisimov,
A., Hemanthakumar, K. A. … Betsholtz, C. (2020). Pericytespecific vascular expression of SARS-CoV-2 receptor ACE2
– Implications for microvascular inflammation and hypercoagulopathy in COVID-19. bioRxiv, 2020(05), 11.088500. https://doi.
org/10.1101/2020.05.11.088500
Henry, C. B., & Duling, B. R. (2000). TNF-alpha increases entry of macromolecules into luminal endothelial cell glycocalyx. American
Journal of Physiology Heart and Circulatory Physiology, 279(6),
H2815–H2823. https://journals.physiology.org/doi/pdf/10.1152/
ajpheart.2000.279.6.H2815
Hsia, C. C. W. (2002). Recruitment of lung diffusing capacity: Update
of concept and application. Chest, 122(5), 1774–1783. https://doi.
org/10.1378/chest.122.5.1774
Hsia, C. C. W., Johnson, R. L., & Shah, D. (1999). Red cell distribution
and the recruitment of pulmonary diffusing capacity. Journal of
Applied Physiology, 86(5), 1460–1467. https://doi.org/10.1152/
jappl.1999.86.5.1460
Iadecola, C., Anrather, J., & Kamel, H. (2020). Effects of COVID-19 on
the nervous system. Cell. https://doi.org/10.1016/j.cell.2020.08.028
Isakson, B. E., Damon, D. N., Day, K. H., Liao, Y., & Duling, B. R.
(2006). Connexin40 and connexin43 in mouse aortic endothelium: Evidence for coordinated regulation. American Journal
of Physiology-Heart and Circulatory Physiology., 290(3),
H1199–H1205. https://doi.org/10.1152/ajpheart.00945.2005
Jespersen, S. N., & Østergaard, L. (2012). The roles of cerebral blood
flow, capillary transit time heterogeneity and oxygen tension in
brain oxygenation and metabolism. Journal of Cerebral Blood
Flow and Metabolism, 32(2), 264–277. https://doi.org/10.1038/
jcbfm.2011.153
Kanberg, N., Ashton, N. J., Andersson, L.-M., Yilmaz, A., Lindh, M.,
Nilsson, S., Price, R. W., Blennow, K., Zetterberg, H., & Gisslén,
M. (2020). Neurochemical evidence of astrocytic and neuronal injury commonly found in COVID-19. Neurology, 95(12),
e1754–e1759. https://doi.org/10.1212/wnl.0000000000010111
Kato, K., Diéguez-Hurtado, R., Park, D. Y., Hong, S. P., Kato-Azuma,
S., Adams, S., Stehling, M., Trappmann, B., Wrana, J. L., Koh,
G. Y., & Adams, R. H. (2018). Pulmonary pericytes regulate
lung morphogenesis. Nature Communications, 9(1). https://doi.
org/10.1038/s41467-018-04913-2
Katz, I. R. (1980). Oxygen affinity of tyrosine and tryptophan hydroxylases in synaptosomes. Journal of Neurochemistry, 35(3), 760–
763. https://doi.org/10.1111/j.1471-4159.1980.tb03721.x
Kawamura, H., Kobayashi, M., Li, Q., Yamanishi, S., Katsumura, K.,
Minami, M., Wu, D. M., & Puro, D. G. (2004). Effects of angiotensin II on the pericyte-containing microvasculature of the rat
retina. The Journal of Physiology, 561(3), 671–683. https://doi.
org/10.1038/s41467-018-04913-2
Koch, K. U., Mikkelsen, I. K., Aanerud, J., Espelund, U. S., Tietze,
A., Oettingen, G. v., Juul, N., Nikolajsen, L., Østergaard, L., &
Rasmussen, M. (2020). Ephedrine versus phenylephrine effect
on cerebral blood flow and oxygen consumption in anesthetized

ØSTERGAARD

brain tumor patients. Anesthesiology, 133(2), 304–317. https://doi.
org/10.1097/aln.0000000000003377
Kox, M., Waalders, N. J. B., Kooistra, E. J., Gerretsen, J., & Pickkers,
P. (2020). Cytokine levels in critically Ill patients With COVID19 and other conditions. JAMA, 324(15), 1565. https://doi.
org/10.1001/jama.2020.17052
Lang, M., Som, A., Mendoza, D. P., Flores, E. J., Reid, N., Carey, D.,
Li, M. D., Witkin, A., Rodriguez-Lopez, J. M., Shepard, J.-A. O.,
& Little, B. P. (2020). Hypoxaemia related to COVID-19: vascular and perfusion abnormalities on dual-energy CT. The Lancet
Infectious Diseases, 20(12), 1365–1366. https://doi.org/10.1016/
s1473-3099(20)30367-4
Lipowsky, H. H., Gao, L., & Lescanic, A. (2011). Shedding of the endothelial glycocalyx in arterioles, capillaries and venules and its
effect on capillary hemodynamics during inflammation. American
Journal of Physiology-Heart and Circulatory Physiology, 301,
H2235–H2245. https://doi.org/10.1152/ajpheart.00803.2011
Liu, P. P., Blet, A., Smyth, D., & Li, H. (2020). The science underlying COVID-19: Implications for the cardiovascular system. Circulation, 142(1), 68–78. https://doi.org/10.1152/ajphe
art.00803.2011
Lucker, A., Secomb, T. W., Weber, B., & Jenny, P. (2018). The relation between capillary transit times and hemoglobin saturation
heterogeneity. Part 1: Theoretical models. Frontiers in Physiology.
https://doi.org/10.3389/fphys.2018.00420
Maleszewski, J. J., Young, P. M., Ackerman, M. J., & Halushka, M. K.
(2020). An urgent need for studies of the late effects of SARSCoV-2 on the cardiovascular system. Circulation. https://doi.
org/10.1161/CIRCULATIONAHA.120.051362
Meinhardt, J., Radke, J., Dittmayer, C., Franz, J., Thomas, C., Mothes,
R., Laue, M., Schneider, J., Brünink, S., Greuel, S., Lehmann, M.,
Hassan, O., Aschman, T., Schumann, E., Chua, R. L., Conrad, C.,
Eils, R., Stenzel, W., Windgassen, M., … Heppner, F. L. (2020).
Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals with COVID-19. Nature
Neuroscience. https://doi.org/10.1038/s41593-020-00758-5
Miller, A. H., Maletic, V., & Raison, C. L. (2009). Inflammation and
its discontents: The role of cytokines in the pathophysiology of
major depression. Biological Psychiatry, 65(9), 732–741. https://
doi.org/10.1038/s41593-020-00758-5
Nielsen, R. B., Egefjord, L., Angleys, H., Mouridsen, K., Gejl, M.,
Møller, A., Brock, B., Braendgaard, H., Gottrup, H., Rungby, J.,
Eskildsen, S. F., & Østergaard, L. (2017). Capillary dysfunction
is associated with symptom severity and neurodegeneration in
Alzheimer's disease. Alzheimer's & Dementia, 13(10), 1143–1153.
https://doi.org/10.1016/j.jalz.2017.02.007
Nielsen, R. B., Parbo, P., Ismail, R., Dalby, R., Tietze, A., Brændgaard,
H., Gottrup, H., Brooks, D. J., Østergaard, L., & Eskildsen, S. F.
(2020). Impaired perfusion and capillary dysfunction in prodromal Alzheimer's disease. Alzheimer's & Dementia: Diagnosis,
Assessment & Disease Monitoring, 12(1). https://doi.org/10.1002/
dad2.12032
Nieuwdorp, M., Meuwese, M. C., Mooij, H. L., van Lieshout, M. H.,
Hayden, A., Levi, M., Meijers, J. C. M., Ince, C., Kastelein, J. J. P.,
Vink, H., & Stroes, E. S. G. (2009). Tumor necrosis factor-alpha
inhibition protects against endotoxin-induced endothelial glycocalyx perturbation. Atherosclerosis, 202(1), 296–303. https://doi.
org/10.1016/j.atherosclerosis.2008.03.024
Nishikawa, M., Kumakura, Y., Young, S. N., Fiset, P., Vogelzangs, N.,
Leyton, M., Benkelfat, C., & Diksic, M. (2005). Increasing blood

ØSTERGAARD

oxygen increases an index of 5-HT synthesis in human brain as
measured using α-[11C]methyl-l-tryptophan and positron emission tomography. Neurochemistry International, 47(8), 556–564.
https://doi.org/10.1016/j.neuint.2005.07.006
O'Farrell, F. M., Mastitskaya, S., Hammond-Haley, M., Freitas, F., Wah,
W. R., & Attwell, D. (2017). Capillary pericytes mediate coronary no-reflow after myocardial ischaemia. eLife, 6. https://doi.
org/10.7554/eLife.29280
Østergaard, L. (2020). Blood flow, capillary transit times, and tissue
oxygenation: the centennial of capillary recruitment. Journal of
Applied Physiology, 129(6), 1413–1421. https://doi.org/10.1152/
japplphysiol.00537.2020
Østergaard, L., Engedal, T. S., Moreton, F., Hansen, M. B., Wardlaw,
J. M., Dalkara, T., Markus, H. S., & Muir, K. W. (2016). Cerebral
small vessel disease: Capillary pathways to stroke and cognitive
decline. Journal of Cerebral Blood Flow & Metabolism, 36(2),
302–325. https://doi.org/10.1177/0271678x15606723
Østergaard, L., Granfeldt, A., Secher, N., Tietze, A., Iversen, N. K.,
Jensen, M. S., Andersen, K. K., Nagenthiraja, K., GutiérrezLizardi, P., Mouridsen, K., Jespersen, S. N., & Tønnesen, E. K.
(2015). Microcirculatory dysfunction and tissue oxygenation in
critical illness. Acta Anaesthesiologica Scandinavica, 59(10),
1246–1259. https://doi.org/10.1111/aas.12581
Østergaard, L., Jespersen, S. N., Mouridsen, K., Mikkelsen, I. K.,
Jonsdottír, K. Ý., Tietze, A., Blicher, J. U., Aamand, R., Hjort, N.,
Iversen, N. K., Cai, C., Hougaard, K. D., Simonsen, C. Z., Von
Weitzel-Mudersbach, P., Modrau, B., Nagenthiraja, K., Ribe, L.
R., Hansen, M. B., Bekke, S. L., Dahlman, M. G., … Andersen,
G. (2013). The role of the cerebral capillaries in acute ischemic
stroke: The extended penumbra model. Journal of Cerebral Blood
Flow & Metabolism, 33(5), 635–648. https://doi.org/10.1038/
jcbfm.2013.18
Østergaard, L., Jorgensen, M. B., & Knudsen, G. M. (2018). Low on
energy? An energy supply-demand perspective on stress and depression. Neuroscience and Biobehavioral Reviews, 94248–270.
https://doi.org/10.1016/j.neubiorev.2018.08.007
Østergaard, L., Kristiansen, S. B., Angleys, H., Frøkiær, J., Michael
Hasenkam, J., Jespersen, S. N., & Bøtker, H. E. (2014). The role
of capillary transit time heterogeneity in myocardial oxygenation
and ischemic heart disease. Basic Research in Cardiology, 109(3).
https://doi.org/10.1007/s00395-014-0409-x
Paniz-Mondolfi, A., Bryce, C., Grimes, Z., Gordon, R. E., Reidy, J.,
Lednicky, J., Sordillo, E. M., & Fowkes, M. (2020). Central nervous system involvement by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). Journal of Medical Virology, 92(7),
699–702. https://doi.org/10.1002/jmv.25915
Poole, D. C., Pittman, R. N., Musch, T. I., & Østergaard, L. (2020).
August Krogh’s theory of muscle microvascular control and oxygen delivery: A paradigm shift based on new data. Journal
of Physiology, 598(20), 4473–4507. https://doi.org/10.1113/
JP279223
Pries, A. R., Hopfner, M., le Noble, F., Dewhirst, M. W., & Secomb,
T. W. (2010). The shunt problem: Control of functional shunting
in normal and tumour vasculature. Nature Reviews Cancer, 10(8),
587–593. https://doi.org/10.1038/nrc2895
Proebstl, D., Voisin, M.-B., Woodfin, A., Whiteford, J., D’Acquisto, F.,
Jones, G. E., Rowe, D., & Nourshargh, S. (2012). Pericytes support
neutrophil subendothelial cell crawling and breaching of venular
walls in vivo. Journal of Experimental Medicine, 209(6), 1219–
1234. https://doi.org/10.1084/jem.20111622

   

|

11 of 12

Puntmann, V. O., Carerj, M. L., Wieters, I., Fahim, M., Arendt, C.,
Hoffmann, J., Shchendrygina, A., Escher, F., Vasa-Nicotera, M.,
Zeiher, A. M., Vehreschild, M., & Nagel, E. (2020). Outcomes
of cardiovascular magnetic resonance imaging in patients recently recovered from coronavirus disease 2019 (COVID-19).
JAMA Cardiology, 5(11), 1265. https://doi.org/10.1001/jamac
ardio.2020.3557
Reynolds, A. S., Lee, A. G., Renz, J., DeSantis, K., Liang, J., Powell,
C. A., Ventetuolo, C. E., & Poor, H. D. (2020). Reply to: Positive
bubble study in severe COVID-19 indicates the development of
anatomical intra-pulmonary shunts in response to microvascular
occlusion. American Journal of Respiratory and Critical Care
Medicine. https://doi.org/10.1164/rccm.202009-3404le
Reynolds, A. S., Lee, A. G., Renz, J., DeSantis, K., Liang, J., Powell, C.
A., Ventetuolo, C. E., & Poor, H. D. (2020). Pulmonary vascular
dilatation detected by automated transcranial doppler in COVID19 pneumonia. American Journal of Respiratory and Critical Care
Medicine, 202(7), 1037–1039. https://doi.org/10.1164/rccm.20200
6-2219le
Richards, O. C., Raines, S. M., & Attie, A. D. (2010). The role of blood
vessels, endothelial cells, and vascular pericytes in insulin secretion and peripheral insulin action. Endocrine Reviews, 31(3), 343–
363. https://doi.org/10.1210/er.2009-0035
Secomb, T. W., Hsu, R., & Pries, A. R. (1998). A model for red
blood cell motion in glycocalyx-lined capillaries. American
Journal of Physiology-Heart and Circulatory Physiology,
274(3),
H1016–H1022.
https://doi.org/10.1152/ajphe
art.1998.274.3.h1016
Segal, S. S. (2005). Regulation of blood flow in the microcirculation.
Microcirculation, 12(1), 33–45. https://doi.org/10.1080/10739
680590895028
Segal, S. S., & Duling, B. R. (1986). Flow control among microvessels coordinated by intercellular conduction. Science, 234(4778),
868–870. https://doi.org/jstor.org/stable/1698093
Sinha, P., Matthay, M. A., & Calfee, C. S. (2020). Is a “Cytokine Storm”
relevant to COVID-19? JAMA Internal Medicine, 180(9), 1152–
1154. https://doi.org/10.1001/jamainternmed.2020.3313
Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A. V.,
Skriabine, S., Lu, P., Weizman, O. E., Liu, F., Dai, Y., SzigetiBuck, K., Yasimoto, Y., Wang, G., Castaldi, C., Heltke, J., Ng,
E., Wheeler, J., Alfajaro, M. M., Levavasseur, E., … Iwasaki,
A.. (2021). Neuroinvasion of SARS-CoV-2 in human and mouse
brain. J Exp Med, 218(3), e20202135. https://doi.org/10.1084/
jem.20202135
Stahl, K., Gronski, P. A., Kiyan, Y., Seeliger, B., Bertram, A., Pape,
T., Welte, T., Hoeper, M. M., Haller, H., & David, S. (2020).
Injury to the endothelial glycocalyx in critically Ill patients
with COVID-19. American Journal of Respiratory and Critical
Care Medicine, 202(8), 1178–1181. https://doi.org/10.1164/
rccm.202007-2676le
Teuwen, L. A., Geldhof, V., Pasut, A., & Carmeliet, P. (2020). COVID19: The vasculature unleashed. Nature Reviews Immunology,
20(7), 389–391. https://doi.org/10.1038/s41577-020-0343-0
The Johns Hopkins Coronavirus Resource Center (CRC). (2020).
Global Deaths. Johns Hopkins University & Medicine. 2020 [cited
December 7th 2020]. https://coronavirus.jhu.edu/
Tilton, R. G., Kilo, C., Williamson, J. R., & Murch, D. W. (1979).
Differences in pericyte contractile function in rat cardiac and skeletal muscle microvasculatures. Microvascular Research, 18(3),
336–352. https://doi.org/10.1016/0026-2862(79)90042-6

12 of 12

|   

van Haaren, P. M., VanBavel, E., Vink, H., & Spaan, J. A. (2003).
Localization of the permeability barrier to solutes in isolated arteries by confocal microscopy. American Journal of PhysiologyHeart and Circulatory Physiology, 285(6), H2848–H2856. https://
doi.org/10.1152/ajpheart.00117.2003
van Praag, H. M. (2004). Can stress cause depression? Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 28(5), 891–
907. https://doi.org/10.1016/j.pnpbp.2004.05.031
Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt, R.,
Zinkernagel, A. S., Mehra, M. R., Schuepbach, R. A., Ruschitzka,
F., & Moch, H. (2020). Endothelial cell infection and endotheliitis
in COVID-19. The Lancet, 395(10234), 1417–1418. https://doi.
org/10.1016/s0140-6736(20)30937-5
Vink, H., & Duling, B. R. (1996). Identification of distinct luminal domains for macromolecules, erythrocytes, and leukocytes within
mammalian capillaries. Circulation Research, 79(3), 581–589.
https://doi.org/10.1161/01.RES.79.3.581
Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., Wang, B., Xiang,
H., Cheng, Z., Xiong, Y., Zhao, Y., Li, Y., Wang, X., & Peng, Z.
(2020). Clinical characteristics of 138 hospitalized patients with
2019 novel coronavirus–infected pneumonia in Wuhan, China.
JAMA, 323(11), 1061. https://doi.org/10.1001/jama.2020.1585
Wang, S., Cao, C., Chen, Z., Bankaitis, V., Tzima, E., Sheibani, N., &
Burridge, K. (2012). Pericytes regulate vascular basement membrane remodeling and govern neutrophil extravasation during inflammation. PLoS ONE, 7(9), e45499. https://doi.org/10.1371/
journal.pone.0045499

ØSTERGAARD

Yelin, D., Wirtheim, E., Vetter, P., Kalil, A. C., Bruchfeld, J., Runold,
M., Guaraldi, G., Mussini, C., Gudiol, C., Pujol, M., Bandera, A.,
Scudeller, L., Paul, M., Kaiser, L., & Leibovici, L. (2020). Longterm consequences of COVID-19: Research needs. The Lancet
Infectious Diseases, 20(10), 1115–1117. https://doi.org/10.1016/
s1473-3099(20)30701-5
Yemisci, M., Gursoy-Ozdemir, Y., Vural, A., Can, A., Topalkara, K., &
Dalkara, T. (2009). Pericyte contraction induced by oxidative-nitrative stress impairs capillary reflow despite successful opening of
an occluded cerebral artery. Nature Medicine, 15(9), 1031–1037.
https://doi.org/10.1038/nm.2022
Zhang, W., Zhao, Y., Zhang, F., Wang, Q., Li, T., Liu, Z., Wang, J.,
Qin, Y., Zhang, X., Yan, X., Zeng, X., & Zhang, S. (2020). The
use of anti-inflammatory drugs in the treatment of people with
severe coronavirus disease 2019 (COVID-19): The Perspectives
of clinical immunologists from China. Clinical Immunology, 214,
108393. https://doi.org/10.1016/j.clim.2020.108393

How to cite this article: Østergaard L. SARS CoV-2
related microvascular damage and symptoms during
and after COVID-19: Consequences of capillary
transit-time changes, tissue hypoxia and inflammation.
Physiol Rep. 2021;9:e14726. https://doi.org/10.14814/
phy2.14726

