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ABSTRACT—Background: The pathomechanisms of hypoxemia and treatment strategies for type H and type L acute
respiratory distress syndrome (ARDS) in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-induced coronavi-
rus disease 2019 (COVID-19) have not been elucidated. Main text: SARS-CoV-2 mainly targets the lungs and blood, leading
to ARDS, and systemic thrombosis or bleeding. Angiotensin Il-induced coagulopathy, SARS-CoV-2-induced hyperfibrin(o-
gen)olysis, and pulmonary and/or disseminated intravascular coagulation due to immunothrombosis contribute to COVID-19-
associated coagulopathy. Type H ARDS is associated with hypoxemia due to diffuse alveolar damage-induced high right-to-
left shunts. Immunothrombosis occurs at the site of infection due to innate immune inflammatory and coagulofibrinolytic
responses to SARS-CoV-2, resulting in microvascular occlusion with hypoperfusion of the lungs. Lung immunothrombosis in
type L ARDS results from neutrophil extracellular traps containing platelets and fibrin in the lung microvasculature, leading to
hypoxemia due to impaired blood flow and a high ventilation/perfusion (VA/Q) ratio. COVID-19-associated ARDS is more
vascular centric than the other types of ARDS. D-dimer levels have been monitored for the progression of microvascular
thrombosis in COVID-19 patients. Early anticoagulation therapy in critical patients with high D-dimer levels may improve
prognosis, including the prevention and/or alleviation of ARDS. Conclusions: Right-to-left shunts and high VA/Q ratios
caused by lung microvascular thrombosis contribute to hypoxemia in type H and L ARDS, respectively. D-dimer monitoring-
based anticoagulation therapy may prevent the progression to and/or worsening of ARDS in COVID-19 patients.

KEYWORDS—Acute respiratory distress syndrome (ARDS), compliance, COVID-19, hypoxemia, neutrophil extracellular
traps (NETs), shunt, thrombosis, VA/Q

ABBREVIATIONS—ACE2—angiotensin converting enzyme 2; Ang Il—angiotensin 1l; ARDS—acute respiratory distress
syndrome; AT1R—angiotensin Il type 1 receptor; BAL—bronchoalveolar lavage; COVID-19—coronavirus disease 2019;
Crs—respiratory system compliance; CT—computed tomography; DIC—disseminated intravascular coagulation; FDP—
fibrin/fibrinogen degradation product; NETs—neutrophil extracellular traps; PAI-1—plasminogen activator inhibitor-1; SARS-
CoV—Severe acute respiratory syndrome coronavirus; SARS-CoV-2—Severe acute respiratory syndrome coronavirus 2; -PA—

tissue-type plasminogen activator; u-PA—urokinase-type plasminogen activator; VA/Q—uventilation/perfusion

INTORODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) causes coronavirus disease 2019 (COVID-19), which results in
multiple organ dysfunctions throughout the body (1). The lungs and
blood mainly effect the prognosis of COVID-19 patients. Severe
cases of SARS-CoV-2 infection frequently result in pneumonia,
which in turn leads to acute respiratory distress syndrome (ARDS).
Reports from China discussed abnormal hematological tests
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associated with increases in inflammatory cytokines and high
incidence of thromboembolic complications leading to dissemi-
nated intravascular coagulation (DIC) (2, 3). The close interplay
between coagulation and inflammation in acute lung injuries
including ARDS is well established (4). Notably, participation of
pulmonary intravascular coagulation involving alveolar epithelial
and lung endothelial injury has been implicated in COVID-19-
associated pneumonia (5, 6). It has been speculated that early stage
of COVID-19 does not lead to typical ARDS (7) and that COVID-
19-associated ARDS is of two phenotypes, type L and type H, which
show the same levels of hypoxemia but have different computed
tomography (CT) findings, lung elastances (compliances), and
pathomechanisms of low partial pressure to fractional inspired
oxygen (PaO,/FiO,) (8). Using the database of the “LUNG SAFE”
study, Panwar et al. (9) determined the respiratory system compli-
ance (Crs)-based ARDS phenotypes and showed that 12% of ARDS
patients exhibited preserved Crs and that 55% of those patients
exhibited a low PaO,/FiO, ratio less than 150. The results suggest
that the preserved compliance-phenotype (type L) seen in COVID-
19-associated ARDS is also present in patients with ARDS not
associated with COVID-19. However, the pathomechanisms of
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hypoxemia in two phenotypes of ARDS, especially type L, that
have linked to low ventilation/perfusion (VA/Q) ratios in original
study, have not yet been fully understood (10, 11).

This narrative review discusses the pathomechanisms of under-
lying hypoxemia in two phenotypes of COVID-19-associated
ARDS based on the insights from thrombosis and hemostasis
and shows that a high VA/Q ratio is a primary pathomechanism of
hypoxemia in type L ARDS, while low VA/Q ratio is not.
Thereafter, the management of COVID-19-associated ARDS with
respect to thrombosis and hemostasis has been discussed.

SEARCH STRATEGIES

Using the search terms “COVID-19 or SARS-CoV-2" and
“pneumonia or ARDS, acute respiratory distress syndrome,
phenotype, pathology, autopsy, inflammation, coagulation,
fibrinolysis, neutrophil,” studies published from January 1,
2020 to May 20, 2021 were identified in PubMed. We manually
checked the references of the selected articles to identify
additional relevant articles. We limited our search to articles
that were published in English. The selected relevant articles
were reviewed henceforth.

BRONCHOALVEOLAR COAGULATION AND
FIBRINOLYSIS IN PATIENTS WITH ARDS

Bronchoalveolar thrombosis and hemostasis are crucial to
the pathogenesis of ARDS (4, 12). Alveolar epithelial cells
express the procoagulant tissue factor, which binds to Factor
VII to initiate tissue factor-dependent coagulation pathway, and
this has been confirmed in bronchoalveolar lavage (BAL) fluid
in ARDS patients (13, 14). Furthermore, increased levels of
fibrinopeptide A, which is a direct marker of thrombin genera-
tion and its action on fibrinogen, were observed in BAL
samples from ARDS patients (15). Decreased levels of protein
C and increased levels of soluble thrombomodulin, probably
degraded from alveolar epithelial thrombomodulin, were also
observed in the fluid of pulmonary edemas in patients with
acute lung injury and ARDS (16), indicating the low levels of
protein C/thrombomodulin and impaired function of associated
anticoagulation systems in the alveolus. High levels of plas-
minogen activator inhibitor-1 (PAI-1) in association with low
levels of tissue-type plasminogen activator (t-PA) and uroki-
nase-type plasminogen activator (u-PA) in the BAL fluid from
ARDS patients indicate a suppression of fibrinolysis in alveolar
spaces (14, 15). Plasma samples from ARDS patients also
showed increased levels of fibrinopeptide A, PAI-1, and soluble
thrombomodulin, as well as low levels of protein C (15, 16).
Taken together, the procoagulant and depressed fibrinolytic
activities associated with the impaired function of anticoagu-
lation systems in patients with ARDS provoke intra-alveolar
and lung intravascular fibrin formation.

COAGULOPATHY IN COVID-19-ASSOCIATED ARDS

Angiotensin-converting enzyme 2 (ACE2) is widely
expressed throughout the body, including lung epithelial cells
and endothelial cells, especially in type II alveolar epithelial
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cells (17, 18). SARS-CoV-2 invades cells using the spike
glycoprotein that binds to the ACE2, which acts as an entry
receptor, resulting in the downregulation and inactivation of
ACE2 and elevation of angiotensin II (Ang II) levels (19, 20).
Elevation of plasma Ang II levels in parallel with an increase in
SARS-CoV-2 viral load is negatively correlated with PaO,/
FiO,, while an increase in the viral load of SARS-CoV-2 is
positively correlated with the Murray lung injury score (21).
The spike glycoprotein of SARS-CoV, belonging to the coro-
navirus family, binds to ACE2, downregulating its expression,
and leading to worsening of lung function, as measured by
elastances, lung wet/dry ratio, Murray lung injury score, and
other pathological findings, via angiotensin II type 1 receptor
(AT1R) (22). In addition, recombinant human ACE2 has been
shown to exhibit protective effects in the lungs of patients with
acute lung injury who are associated with markedly elevated
Ang II levels in the lung and plasma (23). This study further
confirmed that Ang II effects through AT1R are involved in the
ACE2-mediated pathological conditions of the lung. These
results support the notion that Ang II may play a role in
SARS-CoV-2-induced ARDS through intra-alveolar and
microvascular thrombosis in the lungs (5).

High levels of the plasmin antiplasmin complex, fibrin/
fibrinogen degradation product (FDP) and D-dimer, and
increased FDP/D-dimer ratio in patients with COVID-19,
especially in critically ill and non-survivors, indicate increased
fibrin(ogen)olysis (2, 3, 24, 25). However, few studies have
investigated coagulopathy, including bronchoalveolar hemo-
stasis, in COVID-19-associated ARDS. Hunt and Levi (26)
suggested intra-alveolar fibrinolysis in patients with COVID-
19, which they have shown is distinct from impaired fibrinoly-
sis caused by PAI-1 observed in other types of ARDS (14, 15).
It is speculated that the increased intra-alveolar fibrin(ogen)ol-
ysis may be triggered by SARS-CoV-2 RNA (27), neutrophil
extracellular traps (NETs) comprising neutrophil DNA and
elastase (28, 29), activated alveolar macrophages (30), and
dysregulated Serpinel-mediated inhibition of t-PA and u-PA
(31). In severe cases of SARS-CoV-2 infection, intra-alveolar
hyperfibrin(ogen)olysis disseminates to the whole body, similar
to that during influenza virus infections (32).

Immunothrombosis is an innate-immune inflammatory
and coagulofibrinolytic response to a pathogenic insult with
compartmentalization of ‘“non-self”” and ‘‘altered-self”” and
suppression of their spread to locally maintain homeostasis with
limited host damage (33). The main pathophysiology of immu-
nothrombosis is NET-induced activation of coagulation, sup-
pression of anticoagulation, and impairment of fibrinolysis (33—
35). Immunothrombosis in the lung vasculature causes pulmo-
nary intravascular coagulation in COVID-19 pneumonia, sug-
gesting a stage of type L ARDS (5). If the insult is sufficiently
severe, immunothrombosis disseminates into systemic circula-
tion, giving rise to systemic microvascular thrombosis, namely
DIC (33, 35), which is associated with diffuse alveolar damage.
This stage of ARDS may be classified as type H ARDS. The
prevalence of DIC in COVID-19 is very low, approximately 5%
in COVID-19-associated coagulopathy; however, when present,
this complication is frequently fatal due to systemic microvas-
cular thrombosis and bleeding (36, 37).
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PATHOMECHANISMS OF HYPOXEMIA IN
COVID-19-ASSOCIATED ARDS

COVID-19 patients with type H ARDS show high elastance,
high right-to-left shunt, and high lung weight, and these are also
characteristics of patients with typical ARDS showing diffuse
alveolar damage. In contrast, those with type L ARDS show the
following characteristics: low elastance, low VA/Q ratio, and
low lung weight, and broadly spared lung with normally aerated
areas and a few restricted areas with ground-glass opacity, as
seen using computed tomography (CT) findings (8). The low VA/
Qratio in patients with type L. ARDS may be attributed to loss of
hypoxic vasoconstriction with impaired regulation of blood flow,
probably leading to hyper-perfusion of gasless regions (7, 8).
However, many previous studies have reported contradicting
findings. Microvascular and intra-alveolar fibrin formation in the
lungs are hallmarks of ARDS (38), including COVID-19-asso-
ciated ARDS (5, 6), and fibrin and FDP play important roles in
neutrophil recruitment to the lungs, as well as during endothelial
injury associated with increased permeability (39, 40). Lung
microvascular activation of neutrophils results in NETosis, lead-
ing to microvascular thrombosis involving platelets, neutrophils,
and fibrin in COVID-19-associated ARDS (41, 42). These
phenomena consequently lead to high VA/Q ratio and impaired
perfusion due to microvascular thrombosis, which are likely to
occur in patients with type L ARDS.

Lung biopsies performed at the early stages of acute respiratory
insufficiency in patients with viral or bacterial pneumonia revealed
fibrin and fibrinogen debris, as well as microvascular thrombosis
in multiple biopsies taken during the same operation (43). In
patients with acute respiratory failure, of which 20% were caused
by viral pneumonia, balloon occlusion angiography demonstrated
multiple pulmonary artery filling defects, regardless of whether
the areas were opacified or normal as seen in the chest X-ray and
severity of failure (44). A histologic study showed that 83% of
patients with filling defects showed the occurrence of thrombosis
in small and large pulmonary arteries (44). Dual-energy CT
imaging in patients with COVID-19-asociated pneumonia with
D-dimer levels >1.0 pg/mL showed decreased perfusion in
peripheral areas with ground-glass-opacity (45), and these results
are inconsistent with the results observed in patients with type L
ARDS (7, 8). Patients with COVID-19-associated ARDS can be
divided into four subgroups depending on the median D-dimer
level (1.8 wg/mL) and static compliance (41 mL/cmH,0) (46). CT
angiogram demonstrated that 94% of patients with high D-dimer
levels were associated with diffuse bilateral hypoperfusion areas
consistent with the areas of thrombosis or emboli, irrespective of
their compliance. Notably, dead space measured by ventilatory
ratio in these patients was high, which indicated that high VA/Q
ratio due to intravascular thrombosis contributes to hypoxemia
with preserved compliance in patients with COVID-19-associated
ARDS (46). Lung perfusion can be assessed using subtraction CT
angiography based on iodine distribution maps. A high incidence
of perfusion abnormality (87.8%), mainly hypoperfusion, in areas
of apparently normal lung tissue was observed in COVID-19
patients with abnormal CT findings (ground-glass opacities and/or
consolidation) associated with low PaO,/FiO, and high D-dimer
levels (47). Typical patients with type L ARDS showed large areas
of severe hypoperfusion in the apparently healthy lung and
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increased perfusion in small areas of ground-glass opacities
(47). The results suggest that VA/Q mismatch, mainly high VA/
Q and partly low VA/Q, is attributable to the pathomechanisms of
hypoxemia in type L ARDS. Bimodal distributions of blood flow
and ventilation using the J.B. West model in five COVID-19-
associated ARDS patients support this notion (48). This study
showed extreme mismatch in perfusion and ventilation; high
perfusion with low ventilation in the low VA/Q area, and high
ventilation with low perfusion in the high VA/Q area, which
indicates that not only shunt fraction, but also VA/Q mismatches
are related to hypoxemia in COVID-19-associated ARDS.

Initial pulmonary intravascular coagulation is characteristic of
COVID-19-associated pneumonia (5). Many autopsy studies
have demonstrated the presence of platelets, neutrophils, and
fibrin thrombosis in small vessels, arterioles, venules, and
capillaries in the lungs of COVID-19 patients (49—52). Impor-
tantly, fibrin microvascular thrombosis could be found both in
injured and more preserved lung parenchyma (52). Furthermore,
microvascular thrombosis with neutrophils forming NETs with
platelets and fibrin was confirmed in patients with COVID-19-
asscoaited pneumonia and ARDS (41, 42). Aggregated NETs
occluded arange of pulmonary vessels, from capillaries to small-
and middle-size vessels, with endothelial injuries (53). These
autopsy findings clearly indicate the impaired perfusion in the
normal and injured areas of the lung, indicating that a high VA/Q
ratio is involved in the pathology of low PaO,/FiO, seen in type L
ARDS. Figure 1 summarizes the pathologies of type L and type H
ARDS associated with COVID-19.

MANAGEMENT

Monitoring. Reports from China showed markedly higher
levels of D-dimer and FDP in critical cases of COVID-19 than in
moderate and severe cases and in non-survivors than in survivors (2,
3). High D-dimer levels are independent predictors of ARDS and
death due to COVID-19 (54). High values of D-dimer and FDP are
due to intrapulmonary coagulation or DIC followed by increased
fibrin(ogen)olysis (3,5,26). A systematic review and meta-analysis
revealed that D-dimer levels are associated with the severity of
COVID-19 and contribute to increased aggression of disease and
progression to ARDS (55-57). COVID-19 patients with severe
hypoperfusion in areas of normal lung parenchyma in subtraction
CTangiography with high D-dimerlevels mimicking type L ARDS
were associated with increased probability of admission to the ICU
and initiation of invasive mechanical ventilation (47). COVID-19-
associated ARDS patients with high D-dimer levels and low
compliance that mimics type H ARDS showed significantly lower
survival probability and higher hazard ratio for 28-day mortality
than those with high compliance (type L ARDS) (46).

In brief, D-dimer levels should be seriously evaluated to
monitor progression to and/or worsening of ARDS, to enable
timely initiation of mechanical ventilation, and for effective
prognosis of the COVID-19 patients. Hypoxemia with
restricted ground-glass opacities and large, normally aerated
areas in CT finding associated with elevated D-dimer levels is
highly suggestive of type L ARDS.

Treatment. All guidelines published during the search period
recommend thromboprophylaxis using various anticoagulation
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Fic. 1. Pathomechanisms of COVID-19-associated ARDS. A, Typical CT findings of two phenotypes of COVID-19-associated ARDS. B, SARS-CoV-2

binds to ACE2, leading to its downregulation and increase in Ang Il levels, resulting in Ang ll-induced coagulopathy. SARS-CoV-2 RNA, which is a pathogen-
associated molecular pattern, and damage-associated molecular pattern generated by pyroptosis and necroptosis of virus-infected cells that bind to pattern
recognition receptors and induce the expression of inflammatory cytokines and activation of platelets and neutrophils, which results in NETosis-induced
coagulopathy. Both coagulopathies activate coagulation and impair the function of anticoagulation factors that are associated with endothelial activation and injury.
Fibrinolytic pathways are activated or inhibited based on the balance of SARS-CoV-2-induced fibrin(ogen)olysis and PAI-1-mediated inhibition of fibrinolysis. Type
L ARDS represents early phase of COVID-19, which is characterized microvascular immunothrombosis-induced hypoperfusion both in damaged and normal lung
alveoli. The main pathomechanism of hypoxemia in type L ARDS is high VA/Q ratio with preserved compliance. Type H ARDS represents the more typical ARDS
with hypoxemia, which is caused by diffuse alveolar damage-induced high right-to-left shunt with deteriorated compliance. Type H ARDS, in severe cases, may
lead to systemic microvascular thrombosis, also called disseminated intravascular coagulation, as a result of dysregulated immunothrombosis disseminating to
the whole body. ACE2 indicates angiotensin-converting enzyme 2; Ang I, angiotensin Il; ARDS, acute respiratory distress syndrome; COVID19, coronavirus
disease 2019; DAMPs, damage-associated molecular pattern; DIC, disseminated intravascular coagulation; NETs, neutrophil extracellular traps; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; TF, tissue factor; VA/Q, ventilation/perfusion. A, Adapted from (8) with modification (Creative Commons

Attribution-NonCommercial 4.0 International License).

drugs with varying regimens; however, these recommendations
lack clear evidence (58). Three randomized controlled trials that
studied different doses of heparin as anticoagulant therapy with
end points of organ-support-free days, arterial and venous throm-
bosis, and/or hospital mortality have not reached robust conclu-
sions (58). A multicenter international prospective registry
including 5,480 COVID-19 patients showed a lower mortality
rate with the use of anticoagulation therapy in those with respira-
tory failure requiring invasive ventilation (59). Although single-
center retrospective in nature, the study included 4,389 COVID-19
patients and confirmed that both prophylactic and therapeutic
doses of anticoagulation therapies initiated within 48 h of admis-
sion decreased the incidence of intubation and hospital mortality
compared with the non-anticoagulation therapy group (60).

Early anticoagulation therapy in critical COVID-19 patients
with high D-dimer levels may improve prognosis, including
prevention and/or alleviation of ARDS. However, the dosing
regimen and time to start anticoagulation therapy as well as the
threshold of D-dimer levels are still unclear. The risk of
bleeding should always be considered.

CONTROVERSIES

Many controversies exist regarding the ventilatory strategies
in COVID-19-associated ARDS, especially in the type L ARDS
with preserved compliance (61—64). However, this topic is beyond
the scope of this review, which focuses on thrombosis and
hemostasis. Next, do the phenotypes of COVID-19-associated
ARDS exist? If they exist, does type L progress to type H ARDS?

COVID-19-associated ARDS is a dysregulated innate immune,
inflammatory, and coagulofibrinolytic responses to SARS-CoV-2
infection, which leads to organ dysfunction associated with
intrapulmonary and/or disseminated intravascular coagulation.
This pathology is similar to sepsis-induced ARDS, in which a
genome-wide association of a patient’s susceptibility to the
condition has been confirmed (65). The use of genomic approxi-
mation can identify predictors for early and precise ARDS
development and the risk of critical illness (66). Genetic variants
associated with alterations in immune responses and susceptibil-
ity to SARS-CoV-2 have also been reported in COVID-19
infection (67). Therefore, the phenotypes of COVID-19 may
develop according to the patient’s genetic predisposition.
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More than 80% of experts agreed that the pathophysiology of
COVID-19 is similar to that of other forms of ARDS (68).
Grasselli et al. (46) also concluded that the pathophysiology
of COVID-19-associated ARDS is similar to that of ARDS
unrelated to COVID-19. However, their median Crs was 28%
(41 mL/cmH,0) higher than classical ARDS, and CT angiogra-
phy confirmed more normally ventilated areas similar to type L
ARDS than ARDS from classical etiologies. These inconsisten-
cies were pointed out by Gattinoni et al., the original advocate of
type L ARDS (69). Furthermore, another phenotype of COVID-
19-associated ARDS has been proposed (70). Do type L and type
H phenotypes really exist? Further clarification is needed. In the
real clinical settings, a variety of patterns of development of types
of ARDS have been experienced, such as sudden onset of type H,
gradual progression from type L to type H, or recovery from both
types without progressing to another type of ARDS. These
diversities mean that it is not conclusive whether sequential
progression from type L to type H always occurs.

CONCLUSIONS

Local immunothrombosis occurs in the alveolus and micro-
vasculature of the lungs. Immunothrombosis in the lung micro-
vasculature gives rise to type L ARDS with high VA/Q ratio and
preserved compliance. Diffuse alveolar damage associated with
systemic microvascular thrombosis leads to type H ARDS with
a high right-to-left shunt and deteriorated compliance. There-
fore, the main pathomechanisms of low PaO,/FiO, are due to
VA/Q mismatch (mainly high VA/Q, in part low VA/Q ratio)
and right-to-left shunt in patients with type L and type H
ARDS, respectively. COVID-19-associated ARDS is a highly
vascular-centric disease that requires serial monitoring of D-
dimer levels to initiate anticoagulation therapy without delay.
The high risk of bleeding observed in COVID-19-associated
ARDS should also be considered.
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