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In December 2019, a novel human coronavirus, SARS-
CoV-2, was detected in the city of Wuhan, China, which
since then has expanded throughout the world and
caused a pandemic coronavirus disease (COVID-19).

SARS-CoV-2 binds to angiotensin-converting enzyme
2 (ACE2) as the functional receptor for cell entry. In
contrast to SARS-CoV, SARS-CoV-2 forms more mo-
lecular interactions with ACE2, which correlates with
data showing a fourfold higher affinity for receptor bind-
ing. Subsequently, endocytosis of the viral complex oc-
curs, and surface ACE2 is downregulated. This hampers
angiotensin II cleavage, leading to increased circulating
angiotensin II and increased angiotensin II receptor acti-
vation [1].

ACE2 is a counterregulatory enzyme that degrades
angiotensin II to angiotensin-(1-7). Angiotensin-(1-7)
stimulates vasodilatation and nitric oxide production
and also attenuates the effects of angiotensin II of vaso-
constriction, sodium retention, and fibrosis [2]. A study
showed that patients with COVID-19 appeared to have
elevated levels of plasma angiotensin II, which were cor-
related with the degree of lung injury and total viral load
[3]. SARS-CoV-2 binding to ACE2 may attenuate ACE2
activity, increasing angiotensin II-mediated pulmonary
vasoconstriction, as well as inflammatory and oxidative
organ damage, ultimately progressing towards acute lung
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injury and respiratory distress [4]. Decreased activity of
ACE2 leads to heightened and relatively unopposed
vasoconstriction, pro-coagulation, pro-inflammatory,
and pro-oxidant angiotensin II effects [5, 6].

In the alveoli, active replication and release of the virus
cause the host cell to undergo pyroptosis, a highly inflam-
matory form of programmed cell death, releasing damage-
associated molecules. These are recognized by epithelial
cells, endothelial cells, and alveolar macrophages, trigger-
ing the generation of pro-inflammatory cytokines and che-
mokines, which attract monocytes, macrophages, and T
cells to the site of infection, promoting further inflamma-
tion and establishing a pro-inflammatory feedback loop.
Furthermore, pyroptosis of epithelial and endothelial cells
damages the alveolar-capillary barrier, resulting in vascu-
lar leakage and alveolar edema [1, 7]. The accumulation of
fluid, debris, and inflammatory cells in the damaged lung
parenchyma results in the appearance of ground-glass
opacities, consolidation, and septal thickening in classic
imaging modalities.

A defective immune response may lead to further ac-
cumulation of immune cells in the lungs, causing over-
production of pro-inflammatory cytokines with
significant damage to the lung structure, leading to a
sustained inflammatory response that can result in a
cytokine storm, which extends to the rest of the systems
causing multi-organ damage [1, 7]. In addition, it has
been suggested that patients with SARS-CoV-2 infection
suffer a generalized thrombotic microvascular injury,
probably mediated by activation of complement path-
ways and an associated pro-coagulant state. This
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correlates with the presence of platelet-fibrin thrombi in
the small arterial vessels in lung necropsies [8] and is
also consistent with very high p-dimer levels found in al-
most all examined patients. Whether this phenomenon
occurs in the absence of macrovascular disease with pul-
monary embolism and/or deep venous thrombosis is un-
certain, but likely.

Vessel enlargement has been described in the vicinity
of areas with ground-glass opacities, which suggests
thrombo-inflammatory processes. Subsegmental vascular
enlargement (more than 3 mm diameter) in areas of par-
enchymal lung opacities has been observed in 89% of pa-
tients with confirmed COVID-19 pneumonia. Although
in situ thrombosis is certainly a possibility, these findings
could reflect hyperemia and increased blood flow due to
pro-inflammatory factors and vasoplegia induced by
SARS-CoV-2 [9].

Advanced imaging techniques can help us visualize
perfusion abnormalities that lead to a ventilation/perfu-
sion (V/Q) mismatch in SARS-CoV-2 infection, both in
the abnormal parenchyma and in the apparently normal
parenchyma. A recent publication described perfusion
abnormalities in COVID-19 infection using dual-energy
computed tomography in relation to areas of injured
parenchyma [10]. Subtraction computed tomography
(SCT) is another imaging modality that uses software-
based motion correction between sets of unenhanced
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and contrast-enhanced CT scan images for obtaining the
iodine distribution in the pulmonary parenchyma [11].

We apply SCT routinely in COVID-19 patients who
undergo CT angiography, obtaining iodine distribution
maps in the lung parenchyma. Arithmetic subtraction of
the precontrast image from the contrast-enhanced image
is performed using 100-kV single-energy CT acquisi-
tions, with motion correction using the SURE Subtrac-
tion Lung algorithm (version 7; Canon Medical Systems,
Otawara, Japan).

Gattinoni et al. describe COVID-19 pneumonia as a
specific disease characterized by severe hypoxemia, often
associated with near-normal respiratory system compli-
ance (type 1 or L), different from classical ARDS [12]. In
this subgroup of patients, we have found abnormal hy-
perperfusion in areas of lung opacities in patients with
hypoxemia in a similar fashion to what has been de-
scribed recently [10]. However, we have also found ab-
normally decreased iodine distribution in areas of the
apparently normal lung parenchyma, which worsens in
more severe cases (Figs. 1 and 2).

We believe that a severe V/Q mismatch underlies the
pathophysiology of moderate to severe COVID-19 cases,
in which downregulation of ACE2 secondary to viral
endocytosis plays a key role. There is low V/Q ratio in
areas of injured lung parenchyma with ground-glass
opacities or consolidation, secondary to loss of

/

regulatory mechanism when vasoplegia is not fully established

Fig. 1 a, b Slight hypoperfusion in the well-aerated lung, hyperemia, and small zones of hypoperfusion in the areas of injured lung. Fifty-nine-
year-old male patient, RT-PCR-confirmed COVID-19, 11 days since symptom onset, without hypoxemia, (PaO,/FiO,) 538, b-dimer 340 ng/mL. There
are isolated foci of ground-glass opacities associated with septal thickening, with a predominantly subpleural distribution, which correlate with
areas of hyperemia (middle lobe) and small zones of hypoperfusion (lower right lobe) in subtraction CT iodine maps (large black arrows). There is
an evident area of hypoperfusion in the middle lobe and lower right lobe (white arrows) that correlates with the apparently normal lung
parenchyma in conventional chest CT images. The conventional CT image also shows pulmonary arterial vascular dilatation in the periphery of
the ground-glass opacity in the middle lobe (small black arrow). These slight perfusion abnormalities do not impact the PaFi ratio. The ground-
glass opacity in the lower right lobe shows slight peripheral hypoperfusion, probably due to compensatory vasoconstriction, an expected
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Fig. 2 a, b Prominent hypoperfusion in the well-aerated lung and hyperperfusion in areas of injured lung. Seventy-eight-year-old male patient,
RT-PCR-confirmed COVID-19, 10 days since symptom onset, with hypoxemia, (PaO,/FiO,) 206, b-dimer 1600 ng/mL progressively increasing. There
are extensive foci of consolidation and ground-glass opacities, associated with septal thickening, with a predominantly posterior and subpleural
bilateral distribution, which correlate with the areas of hyperemia and iodine pooling in subtraction CT iodine maps (black arrows). There are
areas of markedly decreased perfusion in both lungs, which correlate with the apparently healthy lung parenchyma in conventional chest CT
images (white arrows). Bilateral pleural effusion. This could be explained by an increased blockage of ACE2 receptors in the lung endothelium,
leading to increased local levels of angiotensin Il, which leads to vasoconstriction and ventilation/perfusion mismatch. This patient was managed
with invasive mechanical ventilation, with highly compliant lung parenchyma, in accordance with the type 1 or L phenotype described by

compensatory hypoxic pulmonary vasoconstriction
(vasoplegia) and increased blood flow, which result in
high perfusion to the areas of non-aerated lung, but
there is also high V/Q ratio in areas of apparently
healthy lung secondary to prominent vasoconstriction.
We hypothesize that hypoperfusion of apparently
healthy areas could be a consequence of vasoconstriction
due to accumulation of angiotensin II, caused by de-
creased availability of ACE2, and that these changes in
vascular resistance lead to a shunt or steal of vascular
flow towards areas of non-aerated hyperperfused lung in
moderate to severe COVID-19 cases.

The improved oxygenation in prone position that has
been described in patients with COVID-19 could be ex-
plained mainly through vascular redistribution towards
the areas of apparently healthy lung with a high V/Q ra-
tio, rather than alveolar recruitment.

These findings may support the early use of pulmon-
ary vasodilators, such as inhaled nitric oxide and prosta-
cyclin, to improve the ventilation/perfusion mismatch,
and provide initial insight into the complex viral patho-
physiology of hypoxemia and perfusion abnormalities in
COVID-19.

Further studies are needed to investigate ventilation-
perfusion abnormalities and whether these could be ex-
plained by the local increase in angiotensin II.
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