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Perspective: The Case for Acute Large Vessel
Ischemic Stroke in COVID-19 Originating Within
Thrombosed Pulmonary Venules
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Dennis McGonagle, PhD

ABSTRACT: The main burden of SARS-CoV-2 falls on the lungs but neurological manifestations, the most disabling of which
are strokes and which correlate with disease severity, are common. We proffer a novel mechanism for acute COVID-19 stroke
whereby pulmonary vein clots developing within the characteristic pulmonary intravascular thrombotic lesions can embolize
to the brain. Appreciation of this mechanism requires an understanding of the tricompartmental model of lung parenchyma
oxygenation (the alveolus, the bronchial artery, and the pulmonary artery), all of which are compromised in COVID-19. Of
these 3 sources, the bronchial artery plays a crucial role in COVID-19 stroke because the unique collaterals from bronchial
artery to pulmonary vein which exist under normal physiological conditions (and which maintain venous patency when the
pulmonary artery is blocked by embolus) are occluded, thus leading to venular thrombosis in the presence of hypercoagulability.
Dislodgement of clots from this source translocates the pathology to the brain and is a disease mechanism, formerly rare,
which may account for many cases of large vessel occlusion stroke in COVID-19. This mechanism extends the concept of
cardioembolic stroke from endocardium retrogradely into the pulmonary circulation with which the left cardiac chambers lie
in direct continuity, and which is an accepted stroke mechanism under other circumstances such as lung lobectomy, where
surgical ligation of the pulmonary vein creates a blind sac from which thrombi can embolize. The proposed model is supported
by postmortem studies which have demonstrated venular thrombosis and by case reports of pulmonary vein thrombosis in
COVID-19. This concept provides a more plausible cause for COVID-19 associated large vessel occlusion stroke than other
putative mechanisms, such as cerebral endotheliitis, cytokine storm, and hypercoagulopathy, although it is acknowledged that
the latter mechanism contributes to the genesis of pulmonary vein clots. Recognizing that extrapulmonary manifestations
including stroke arise within thrombosed pulmonary veins is key to understanding of neurological manifestations of SARS-
CoV-2 infection.
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manifests with pneumonia.’'? In severe COVID-19,

respiratory failure accounts for most deaths, but
neurological complications, most commonly acute stroke,
develop in tandem with increasing severity of pneumo-
nia, the pathological basis of which is poorly under-
stood.’%0 |n the absence of a clear mechanism linking
acute neurological syndromes and severe lung abnor-
malities in COVID-19, explanations including cytokine
storm syndrome, severe hypoxemia, treatment-related

COVID—1 9is caused by the SARS-CoV-2 and typically

complications from COVID-19 therapies and intensive
care-related complications, cerebral vasculitis, multifocal
cerebral thrombotic microangiopathy, ACE (angiotensin-
converting enzyme)-2 receptor-mediated endothelial cell
infection and central nervous system neuroinvasion have
been invoked.'931-41

Existing theories of causation fail to account for the
fact that stroke in COVID-19 is radiologically identical
to stroke unassociated with COVID-19 being associated
with a high incidence of large vessel occlusion (LVO)
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Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme
Ang-2 angiopoietin 2

CT computed tomography

Lvo large vessel occlusion

OPG osteoprotegerin

PIC pulmonary intravascular coagulopathy
VWF von Willebrand Factor

VWFpp VWEF propeptide

suggesting an embolic cause.®%2747 |n this article, we
describe how disruption of the lung tricompartment in
the presence of inflammatory cytokines, hypoxia, endo-
theliopathy, and hypercoagulability leads to in situ throm-
bosis within the draining pulmonary venules, from which
emboli may dislodge into the systemic circulation, caus-
ing stroke.® Immunothrombotic disruption of the alveo-
lar-capillary barrier results in not only dislodgement of
immune-rich emboli but also discharge of RNA which is
extremely thrombogenic (RNAaemia) and other viral pro-
teins into the circulation, which could exacerbate immu-
nothrombosis in the cerebral vasculature in a manner
similar to that occurring in the lungs.*84

COVID-19 PNEUMONIA, PULMONARY
VEIN PHYSIOLOGY, AND PULMONARY
VENULAR THROMBOSIS: THE
SUBSTRATE FOR ACUTE ISCHEMIC
STROKE IN COVID-19

The hallmark of severe COVID-19 pneumonia is
diffuse alveolar damage and microvascular immu-
nothrombosis (pulmonary intravascular coagulopathy
[PIC]), which is distinct from the disseminated intra-
vascular coagulation that accompanies cytokine storm
and macrophage activation syndrome. Recently, we
published a pathological model explaining the severe,
widespread lung infarcts in COVID-19 based on a tri-
compartmental model under which normal lung paren-
chyma receives oxygen from 3 sources—directly from
the alveolus, from the pulmonary artery, and from the
bronchial artery (Figure 1A and 1B).5%%" Obliteration
of all 3 sources by alveolitis and immunothrombosis
results in the classical lung infarcts observed at com-
puted tomography (CT) and at autopsy (Figure 1C),
but we further propose that the unique COVID-19 pul-
monary pathophysiology also causes pulmonary vein
thrombosis with the potential for embolic stroke.
Understanding pulmonary vein physiology is key to
understanding strokes in COVID-19. Pulmonary vein
thrombosis is extremely rare apart from occasional cases
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following lung lobectomy where surgical ligation of the
pulmonary vein creates a blind sac which leads to in situ
thrombosis and embolic stroke.>

The reason that pulmonary vein thrombosis is rare
is multifactorial but attributable to factors including
extremely high blood flow (each lung receives 50% of
cardiac output), high blood flow velocity, short length
compared with their systemic counterparts, absence of
venous tortuosity/varicosity and the fact that respira-
tion causes a rhythmic compression of the veins which
are also subject to the Bernoulli effect from the cardiac
cycle, which collectively limit pulmonary venular in situ
thrombosis. Another crucial, overlooked reason relates
to the second independent arterial input from the sys-
temic bronchial arteries which not only prevents lung
infarction in most cases of pulmonary embolism owing
to collateral flow to the distal pulmonary arterioles and
capillaries but because of profuse anastomoses to the
pulmonary venules maintains sufficient venous flow to
prevent venous thrombosis when the pulmonary arteries
are occluded (Figure 1B).%0%"

Because of extensive arborization of small pulmonary
arterioles, we believe that COVID-19 immunothrom-
bosis in one area leads to redistribution of blood from
diseased to normal segments which limit thrombosis
to small venules only (Figure 1D) (apart from the most
severe cases), rendering it extremely difficult to detect
on CT."'2 Diverted blood maintains high flow rates in
normal venules which accentuates shear forces on fri-
able thrombi protruding into patent veins at conflu-
ence points thus leading to systemic emboli, similar to
the stump theory of stroke in patients with extracranial
carotid occlusion.?®

SEVERE COVID-19 PNEUMONIAIS A
MARKER FOR ACUTE NEUROLOGICAL
CONDITIONS

Our model proposes a mechanism linking increasing
severity of COVID-19 pneumonia with neurological com-
plications as highlighted by many authors. Mao et al®
reported neurological manifestations in 36.4% of patients,
more commonly in those with severe pulmonary infection.
Lang et al®® reported hospitalization duration, likelihood
of ICU admission, and requirement for mechanical ven-
tilation were significantly greater in the 26% of patients
with acute neuroimaging findings who, in turn, had higher
radiological severity scores than those without neurology.
Mahammedi et al*® reported that a high CT lung sever-
ity score threshold of 0.8 had 74% sensitivity and 65%
specificity for acute findings on neuroimaging.

Taquet et al’” conclusively showed increase in isch-
emic stroke in 236 379 survivors of COVID-19, com-
pared with 2 matched controls (influenza and any chest
infection). They showed stepwise increased incidence
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Figure 1. Oxygenation in normal physiology, pulmonary embolism, and COVID-19.

A, Normal: Pulmonary artery, bronchial artery, and alveolus are normal. Pulmonary vein flow is uninterrupted. B, Pulmonary embolism: Pulmonary
artery is occluded, but the bronchial artery remains patent. Alveolus is normal (no interference with ventilation). Pulmonary vein remains patent
despite loss of the major blood supply (the pulmonary artery) owing to flush-through from profuse anastomoses from bronchial artery to the
pulmonary venules. €, COVID-19: The pulmonary and bronchial arteries are occluded by immunothrombosis, and the alveolus is occluded by
alveolitis. The pulmonary vein is also occluded because of endotheliitis, hypercoagulability, and loss of the flush-through from the profuse bronchial
artery-pulmonary vein anastomoses. D, Dislodgement of small clots at confluence points with patent pulmonary vein segments, leads to clots
accessing the systemic circulation which cause strokes. Immunothrombosis in COVID-19 areas leads to augmented flow in adjacent normal areas
with 2 important effects. First, central clot propagation is limited apart from the most severe cases; second, increased shear forces on thrombus
protruding into patent segments at confluence points (curved arrow) leads to systemic emboli (in a manner similar to the stump emboli theory of
stroke in extracranial carotid occlusion).?® LA indicates left atrium; and LV, left ventricle.

of stroke in 4 COVID-19 groups stratified for increas-
ing severity as follows: mild, nonhospitalized cases
(n=190077) 1.3%, hospitalized cases (n=46302)
4.38%, ICU admitted patients (n=8945) 6.92%, and
encephalopathic patients (n=6229) 9.35%. Similar
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increases were noted for first ischemic stroke, that is,
those with fewer expected risk factors (0.43%, 1.60%,
2.82%, and 3.28%, respectively). Risk of stroke was
increased even in mild infection (nonhospitalized) indi-
cating that no group was exempt.
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LVO IN ACUTE COVID-RELATED STROKE

Acute ischemic stroke is most commonly thrombo-
embolic from a source within the supplying arteries
or heart.%® Published data gives an incidence of acute
cerebrovascular disease in COVID-19 of 0.9% to
0.35021415.171823-2628 (Tgple 1),

LVO similar to that of non-COVID-19 stroke is a con-
sistent feature across multiple series, being reported in
79.6% in one series and in 50% of stroke in the NYC
COVID-19 outbreak which had a 2-fold increase in LVO
over baseline, but prior authors did not explanations the
discordance between proposed mechanisms invoking
endothelial injury, direct brain infection and hypercoagu-
lability, and the recurring feature of embolic vessel occlu-
sion, often within multiple vascular territories.2042-4562-66

Our hypothesis explains the fact that strokes in
COVID-19 are radiologically similar to non-COVID-19
strokes and accounts for the frequent detection of LVO
on cerebral CT, angiography, and autopsy.?6#34546 Qur
model addresses significant gaps in knowledge and
rationalizes existing theories of causation under a unify-
ing central tenet of immune disruption of the alveolus
leading to pulmonary vein thrombosis, which provides
a nidus from which emboli dislodge and which can
potentially contribute to multiple cerebral pathologies in
COVID-19 (Table 2). It also accounts for the fact that
anterior circulation strokes are much more common
in COVID-19 which should not be the case if factors
such as hypercoagulability were primarily responsible as
these factors would presumably act equally in all areas,
for the fact that infarcts are often within multiple vascu-
lar territories (similar to cardioembolic strokes, whereas
strokes arising from carotid plaque are unilateral), and
often repeated.?843454¢ |t also accounts for the correla-
tion with severity of pneumonia, as more extensive lung
disease implies more extensive pulmonary vein throm-
bosis.566768 Also, the hypothesis emphasizes the inflam-
matory nature of embolic clots of COVID-19, which can

Table 1. Stroke Incidence in COVID-19

Author Date No. of cases Stroke
Merkler®® 2020 1916 1.6%
Yaghi®® 2020 3556 0.9%

Jain®° 2020 3218 1.1%

Mao®* 2020 214 2.8%
Dogra®! 2020 755 4.4%
Chougar®? 2020 73 23.3%

Tan? 2020 135 0.9%-2.7%
Lee® 2020 275 1.1%
Siepmann? 2021 165 2.9%
Siow'® 2020 899 1.74%
Nannoni'® 2020 1202 1.3%
Taquet®™” 2020 236379 1.3%-9.35%
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lead to hemorrhagic complications.®® We propose that
microemboli laden with inflammatory cells lodge within
the distal intracerebral arterioles and incite an inflam-
matory response within the vessel wall, which results in
microhemorrhage, which can be detected on magnetic
resonance imaging, and which mirrors the hemorrhagic
change seen in the lungs on histology (Figure 2).20627
We note similarities between microhemorrhages in
COVID-19 and those of infective endocarditis, and the
pattern of widespread microbleeds in COVID-19 fits
with an embolic/hematogenous source, in comparison
to microhemorrhages in other diseases which tend to
be site-specific (eg, subcortical posterior regions in
amyloid angiopathy and basal ganglia in hypertension;
Table 3).527°°2 The same mechanism of inflammatory
softening of arteries can explain hemorrhagic infarction.

The proposed model explains the higher incidence
of neurological complications over other systemic mani-
festations simply owing to a higher proportion of the
cardiac output going to the brain (25%) than to any
other organ.*”® The model potentially also explains
pathology in the gut, kidney, and skin where ischemic
changes are reported.”™7®

PULMONARY INTRAVASCULAR
COAGULOPATHY: DIAGNOSIS AND
THERAPEUTIC IMPLICATIONS

Postmortem studies have identified the hallmark of
severe COVID-19 as marked pulmonary intravascular
coagulopathy (PIC), which is clinically characterized by
normal liver function with normal or increased fibrinogen
and elevated D-dimer with associated thrombolysis path-
way activation. Under normal conditions, endothelial cells
contain dedicated intracellular organelles known as Wei-
bel Palade bodies. Weibel Palade bodies store a series of
proteins, including VWF (von Willebrand Factor), VWFpp
(VWF propeptide), P-selectin, OPG (osteoprotegerin),
and Ang-2 (angiopoietin 2). Following acute endothelial
cell activation, these Weibel Palade bodies contents are
actively secreted and act to promote and modulate local
hemostasis, inflammation, and angiogenesis.”®" Sev-
eral recent publications have demonstrated that plasma
levels of VWF, VWFpp, OPG, and Ang-2 correlate with
disease severity and are elevated in acute COVID-19
to higher levels than those observed in other types of
severe sepsis.”""

Recent studies suggest that anticoagulation has a
role in management of acute COVID-19 with beneficial
effects of therapeutic low molecular weight heparin in
patients with moderately severe COVID-19. However,
therapeutic heparin in patients with COVID-19 requir-
ing ICU support was ineffective and associated with
increased bleeding.” These findings suggest there may
be a sweet spot for anticoagulation in COVID-19, but
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Table 2. Potential Role of Venous Clot Embolization in COVID-19 Neuropathology

Potential
relationship to clot
Incidence embolization Comment
Acute embolic stroke 1%-8% Yes Yes. Disruption of the pulmonary venules by tricompartmental disruption. See Figure 1
Microhemorrhages 11%-55% | Yes Yes. See Figure 2
Acute hemorrhagic stroke 0.5% Yes 66% of acute parenchymal hemorrhages arise in ischemic (presumably embolic) strokes
Acute necrotizing encephalopathy | Rare Tenuous Tenuous. However, in the presence of enhanced vasoreactivity, vascular permeability
Acute necrotizing hemorrhagic or underperfusion, flotsam arising within the lung, including microemboli and RNAae-
Encephalopathy mia, become proportionally more hazardous and could have an impact.
Encephalopathy
Encephalitis Rare Unlikely Direct infection
Meningitis Rare Unlikely Direct infection
Olfactory dysfunction 30% No Probably direct infection of olfactory mucosa
Mood disorders including brain fog | Uncertain RNAaemia and viral | Multifactorial
incidence proteins may play
arole
Venous sinus thrombosis Rare No Related to general hypercoagulability of COVID-19.

further studies are required to define subgroups with
exaggerated PIC responses (eg, with D-dimers or bio-
markers of endothelial cell activation) in whom earlier
intervention with therapeutic anticoagulation (and other
therapies) might be effective in attenuating the immu-
nothrombotic positive feedback loop.”6™

OTHER CONSIDERATIONS
AND LIMITATIONS OF THE
TRICOMPARTMENTAL HYPOTHESIS

Determining the cause of COVID-19 stroke is complicated
by the confounding influence of inter-related pathologies
such as endothelial dysfunction, vasculitis, cardiomyopathy,

hypercoagulability, and cytokine storm, and the fact that
ventilated ICU patients are at risk of cerebral hypoperfu-
sion, hypertensive bleed and stress-induced cardiomyopa-
thy, all of which can lead to or facilitate thrombosis.
Although it is likely that no single mechanism accounts
for all strokes in COVID-19, we present our hypothesis for
LVO stroke arising within the pulmonary venous circulation
against a background of several anecdotal case reports of
pulmonary vein thrombosis in COVID-19, and the fact that
pulmonary vein thrombosis has been reported at autopsy.®
However, we recognize that determining the exact source
of emboli in patients with LVO stroke is fraught with dif-
ficulty, although previous authors emphasized cryptogenic
cause, cardioembolic causes, and paradoxical embolism.
The high proportion of cryptogenic cases might relate to

A q B
Vessel wall
inflammation

inflammation related to
embolus immune cell

Obstruction composition

Inflammatory
Embolus

Back
presssure,
secondary to
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Arterial wall softening due to

®¢). RBC
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Figure 2. Effect of emboli on end-arteriole in the brain.

A, Immune-rich inflammatory embolus obstructs the arterial wall lumen. B, Arterial wall infiltration by inflammatory mediators leads to extravasation
of blood products. C, This gives rise to the characteristic appearance of blooming on magnetic resonance imaging (MRI) owing to iron content.

RBC indicates red blood cell.
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Table 3. Incidence of Microbleeds in COVID-19

No. of No. of microbleeds
Author Year patients (%) Comment
Conklin™ 2020 11 6 (55) MRI
Kirschenbaum™ | 2020 6 6 (100) Autopsy
Chougar®? 2020 | 73 8 (11) MRI
Kremer?® 2020 37 9 (24) MRI
Radmanesh” 2020 27 7 (26) MRI

MRI indicates magnetic resonance imaging.

under investigation in ill patient and to resources over-
stretched by the pandemic. However, a label of cardioem-
bolic stroke has been made in 456% of patients with LVO
stroke and although myocardial injury (myocardial infarc-
tion, myocarditis, or stress and inflammatory mediated myo-
cardial suppression) and endocardial dysfunction (direct
ACE-2 mediated viral effect, left ventricular dysfunction,
and arrhythmia) frequently occur in severe COVID-19, the
assumption that impaired cardiac function in COVID-19
stroke implied an origin within the heart (in the absence
of demonstration of intracardiac clot), is flawed 215187980
Also, prior authors have attributed high-intensity transient
signals (indicating microemboli) on transcranial Dop-
pler to paradoxical embolism across a PFO, facilitated by
increased pulmonary pressures resulting from, for example,
severe COVID pneumonitis although the assumption that
this is responsible for most cases is flawed as the NAVI-
GATE ESUS (embolic stroke of unknown source) trial that
specifically addressed cryptogenic strokes found PFOs
as a putative cause in <10% of cases so it is unlikely to
be the major contributor to stroke overall or in COVID-
198182 Also, the detection of high-intensity transient sig-
nals implies no information as to the source, and we add
the pulmonary veins to the potential list of sources which
also includes paradoxical emboli and sources within the
heart. Likewise, the high detection rate of microbubbles
in ventilated patients with severe COVID undergoing con-
trast-enhanced transcranial Doppler simply reflects the
underlying process of severe PIC where thrombosis of
dual arterial supplies and concomitant venous thrombosis
stimulates distal lung collaterals and promotes A-V shunt-
ing through the pulmonary circulation8384

We acknowledge that our hypothesis lacks definitive
proof, although this is also true of other competing theo-
ries of origin of LVO clots from the heart or lower extrem-
ity via paradoxical embolism. However, LVO stroke from
pulmonary clot embolism is well established postlung
lobectomy,®? and there have been several case reports
of pulmonary vein thrombosis since onset of COVID-19,
which represents a notable increase in incidence of a very
rare disease.®"'2 Additionally, pulmonary venous thrombosis
is part of the PIC complex on autopsy examination.® There-
fore, a causative link between pulmonary vein thrombosis
and stroke has already been validated both in non-COVID
and COVID stroke, but we acknowledge the limitation that
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pulmonary vein thrombosis has not been widely reported
on CT pulmonary angiography which is frequently per-
formed in patients with COVID-19, but there are several
valid reasons why this is so. First, redistribution of flow from
abnormal to normal areas augments venous return within
veins draining normal segments which limits thrombosis to
small, hard to visualize, venules (Figure 1D). Second, CT
pulmonary angiography is timed to the pulmonary arteries
and uses lower contrast volume and lower radiation dose
which impairs pulmonary vein visualization® Thirdly, CT
pulmonary angiography is only performed in the small sub-
set of patients with COVID-19 associated stroke in whom
concomitant pulmonary embolism is suspected, meaning
that most patients in whom this finding might be pres-
ent never undergo CT pulmonary angiography. Likewise,
despite pulmonary vein thrombosis being part of the PIC
process, it has only been mentioned in passing in patients
succumbing to COVID-19, and the possibility that it might
have significance rather than simply representing collateral
damage in the inflammatory process centered on the distal
airways does not appear to have been considered.58¢

CONCLUSIONS

Our hypothesis of pulmonary vein clot which extends the
model of cardioembolism from endocardial surface and
heart valves, retrogradely into the pulmonary veins which
are continuous with the left cardiac chambers, is based
on sound pulmonary physiology, unifies many of the
existing theories of causation of stroke neuropathology
in COVID-19, and is underpinned by reports of stroke
complicating non-COVID-19 and COVID-19 related
pulmonary vein thrombosis. We do not propose this as
the sole mechanism of COVID-19 neurology but sug-
gest that the flotsam originating in the disrupted lung tri-
compartment including larger clots or microclots leads to
LVO strokes and cerebral microhemorrhages, and poten-
tially also to other systemic complications. This model
embraces other proposed mechanisms, such as hyper-
coagulability, endothelial damage, and hypoxemia, and
holds that all mechanisms act in concert to cause tissue
damage and infarction depending on location. Our model
links severe COVID-19 pneumonia with brain diseases
through lung tricompartment disruption and venous
thrombosis, supports the increasingly recognized notion
that lung microvascular pathology drives both the pulmo-
nary and systemic manifestations of severe COVID-19
and offers a more plausible model for COVID-19 associ-
ated LVO strokes, than other proposed mechanisms.5686
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