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Abstract

COVID-19 generates a complex systemic inflammatory response that can lead to

death due to wide macrophage activation, endothelial damage, and coagulation in

critically ill patients. SARS-CoV-2-induced lung injury due to inflammatory mediated

thrombosis could be similar to the livedoid vasculopathy in the skin, supporting a

translational comparison of these clinical settings. In this article, we discuss anti-

coagulation, suppression of inflammatory response, and hyperbaric oxygen therapy

in the context of severe COVID-19 and livedoid vasculopathy.
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1 | INTRODUCTION

The COVID-19 pandemic has resulted in more than 800 000 deaths

(as of August 17, 2020) worldwide. This global scenario of sickness

and death has had the most severe effect on public health of any crisis

in the last 100 years. No effective drug or vaccine is yet available.

Nevertheless, in medicine, we must learn from the experiences of the

past and through comparison with other clinical settings. Besides the

foremost lung involvement due to direct infection by SARS-CoV-2,

critically ill patients often develop a complex state of immunologically

mediated thrombosis and endothelial damage that can lead to sys-

temic compromise and death.

Zhang et al1 described the first three Chinese patients with

coagulopathy and antiphospholipid antibodies (anticardiolipin IgA and

anti-β2-glycoprotein I IgA and IgG), who developed multiple cerebral

infarctions during their COVID-19 course. Iba et al2 published an

excellent review of the thrombotic complications and coagulopathy

that often occur in COVID-19 patients. These authors named this

hypercoagulable state “COVID-19-associated coagulopathy” whose

primary causes involve macrophage activation and damage to the

endothelial cells, which follow the activation of the complement sys-

tem, von Willebrand factor and factor VIII serum elevations, the pres-

ence of antiphospholipid antibodies, an increase in pro-inflammatory

cytokines as IL-1β and IL-6, an increase in the serum levels of fibrino-

gen, D-dimers, activated partial thromboplastin time (aPTT), and a pro-

longation of the prothrombin time (PT).

Among critically ill patients, the result of this thromboinflammatory

response has frequently been found to present as microthrombosis

and venous thrombosis in the lungs, brain, kidney, skin, liver, and

gastrointestinal system, leading to multiple organ dysfunction.2 In

the early stages of COVID-19, inflammation and coagulation phe-

nomena are limited to the lungs; however, as the disease evolves to

its hyperinflammatory phase, these phenomena progress toward

sepsis-induced coagulopathy (SIC) or disseminated intravascular

coagulation.2

According to our experience of inpatient and outpatient dermato-

logical practice, especially with the treatment of livedoid vasculopathy

(LV), we observed some similarities between the early stages of

COVID-19 and the pathological findings in the thrombo-occlusive

ulcers in skin lesions of LV patients, as well as some therapeutic alter-

natives common to these diseases.
“What is death, but a letting go of breath? […].What is life but a drawing in of breath?” – Adrian

Rice, “Breath.”
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The pathogenesis of LV is yet to be understood, with the main

mechanism being hypercoagulability and inflammation playing a sec-

ondary role3, as opposed to the sequence observed in COVID-19 dur-

ing the early phases within the lungs. Both diseases may benefit from

corticosteroids and could be treated by the combined therapy of

hyperbaric oxygen therapy (HBOT) and anticoagulation.

The histopathology of LV is characterized by intraluminal throm-

bosis, proliferation of the endothelium, and segmental hyalinization of

dermal vessels, often only in the lower limbs.3 Nevertheless, lympho-

cyte infiltrate can be present and perpetuate thrombotic phenomena,

leading to skin necrosis (Figure 1).

Similarly, pulmonary endothelial damage with microthrombi

(Figure 1A) and hemorrhagic lung infarction by septal necrosis

(Figure 2B) were observed. In addition, the inflammatory process is

accompanied by fibrinoid plugs (Figure 2C) and lymphocytic interstitial

infiltration (Figure 2D).

In this article, we present a rationale for the efficacy of anti-

coagulation and hyperbaric oxygen therapy in both disorders.

2 | HYPERBARIC OXYGEN THERAPY

In 2003, Yang et al4 described two patients with an intractable LV

whose ulcers were successfully treated with HBOT. After this, other

authors published case reports with similarly satisfactory results in LV

patients.5-11

In February 2020, Zhong et al12 described the first case report of

successful HBOT in a severely ill COVID-19 patient who was failing

standard respiratory support (not intubated) and whose disease

course was reversed with eight HBOT sessions at 200 kPa over a total

treatment time of 95 minutes.

Subsequently, Chen et al13 reported five severe or moderate

acute respiratory distress syndrome (ARDS) patients with COVID-19

pneumonia who had been treated under HBOT. These five patients

were 24 to 69 (mean 47.6) years old and received three to eight

(mean 4.6) sessions of HBOT in addition to routine therapies.13 These

patients' daily average oxygen saturation levels (SpO2) were restored

to above 95% after one to eight HBOT treatments. Following HBOT,

patients' PaO2 and SaO2 levels had significantly increased (P < .05)

and their lactate levels had declined. The patients' peripheral blood

lymphocytes were obviously elevated after HBOT treatments

(P < .05) and their fibrinogen and D-dimer serum levels had decreased.

Chest computerized tomography (CT) scans obtained during or after

HBOT showed significantly improved imaging status of lung lesions in

each patient.13

The HBOT methods applied by Chen et al13 were described as a

chamber compression of 2.0 ATA (absolute atmospheric pressure) for

patient 1 and 1.6 ATA for the other four patients, in 15 minutes. The

bottom time was 90 minutes in the first treatment and 60 minutes in

the second. Decompression to atmospheric pressure took place over

20 minutes.13

Regarding the safety of disease control and the prevention of air-

borne contagion, a hyperbaric chamber and oxygen inhalation system

are perfect gas management systems for disease control due to their

properties of closed, one-way gas flow, all-fresh-air, and relatively

independent gas lines for medical staff and patients, which suggest

that the risk of infection for medical staff in the chamber is not higher

than in the ward.

Rigorous measures of disease control and prevention were

applied for HBOT.13 For the treatment of COVID-19 patients, the

measures for disease control outside the chamber were the same as in

the infection wards, such as implementation of separate paths for

medical staff and patients and the distinction of infectious areas.13

Disinfection measures in the chamber were further strengthened to

similar levels as in infectious ward areas.13 In regards to the treatment

procedure, patients respired with built-in breathing apparatus immedi-

ately upon entering the chamber.13 The chamber maintained continu-

ous ventilation with a high volume of fresh air.13

Guo et al14 reported the same success in two other male COVID-

19 patients, each of whom met at least one of the following criteria:

shortness of breath; a respiratory rate (RR) of ≥30 breaths per minute;

finger pulse oxygen saturation (SpO2) of ≤93% at rest; and an oxygen

index with a P/F ratio of PaO2/FiO2 ≤ 300 mm Hg. Patients were

treated with HBOT of 1.5 atm with an oxygen concentration of more

than 95% for 60 minutes per treatment once a day for 1 week. No

patient became critically ill; they demonstrated a decreasing trend of

SO2 and their P/F ratios were immediately reversed and increased

daily. In addition, their lymphocyte counts and ratios reflecting

F IGURE 1 Livedoid vasculopathy
in the skin: dermal necrosis with
hemorrhagic, lymphocyte infiltrate,
and endothelial damage with fibrin
microthrombi (HE 400×)
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immune function gradually recovered, their D-dimer corresponding to

peripheral circulation disorders and serum cholinesterase (reflecting

liver function) improved. Subsequent chest CTs showed that patients'

pulmonary inflammation had clearly subsided.

A single-center prospective study was also conducted on HBOT

as an adjunct to standard therapy for a pilot cohort of 40 COVID-

19-positive patients with respiratory distress at New York University

Winthrop Hospital (registered at clinicaltrial.gov under the identifier

NCT04332081).15

The initial result of this study was that following infection by

SARS-CoV-2, morbidity and mortality from this condition are due to

the incidence of ARDS, which is defined as a condition of extremely

low arterial oxygen concentration or hypoxia with a ratio of partial

pressure of arterial oxygen and a fraction of inspired oxygen (PaO2/

FiO2 ratio) of ≤300, as well as bilateral opacities not fully explained by

effusions, lobar/lung collapse, or nodules identified by chest radiogra-

phy or CT.16 ARDS as seen in severe COVID-19 is characterized by

difficulty in breathing and low blood oxygen levels.17,18 As a result,

some patients may experience complications with secondary bacterial

and fungal infections. ARDS may lead directly to respiratory failure,

which is the cause of death in 70% of fatal COVID-19 cases.17 The

development of ARDS is likely the product of inflammation mounted

by the patient's response to the virus and secondary bacterial

infections.18

Harch PG19 analyzed the outcomes of the first two Chinese with

COVID-19 for whom HBOT was applied12,13 and reinforced the appli-

cation of HBOT in this clinical scenario based on sound physiology

and Henry's law. Named after the English physician William Henry,

this law defines the relationship between the partial pressure of gases

overlying a solution and the gases' ability to dissolve in that

solution.20

Henry's law states that when a gaseous mixture (eg, the atmo-

sphere) is in contact with a solution, the amount of any gas in that

mixture that dissolves in the solution is directly proportionate to the

partial pressure of that gas.20 The partial pressure of a gas is the

amount of pressure that the gas contributes to the total pressure of

that gas mixture.20 According to Henry's law, if the pressure of a gas

over liquid increases, the amount of gas dissolved in the liquid will

increase proportionally. As the gas pressure decreases, the amount of

gas dissolved in the solution drops.20 In COVID-19 lung injury, the

alveolar-capillary barrier is damaged by an inflammatory exudate with

edema and a lymphocytic infiltrate, leading to reduced gas exchange

in the distal airway spaces.19 Additionally, there is associated micro-

vascular thrombosis in the perialveolar blood vessels (Figure 2).

Dr. Richard Levitan, an emergency physician at Bellevue Hospital

in New York City, made some striking patient observations regarding

blood O2 levels that he shared in a New York Times opinion piece

(April 20, 2020).18 He noted that the initial stage of COVID-19 is only

F IGURE 2 SARS-CoV-2-induced lung injury. A, Lung venous microthrombi (400×). B, Hemorrhagic lung infarction (200×). C, Acute fibrinoid
organizing pneumonia (200×). D, Cellular interstitial pneumonia with lymphocytes (100×)
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now being understood as “silent hypoxia,” alluding to its “insidious,
hard-to-detect nature.”18 In Levitan's observations, SpO2 fell from the

normal range of 94-100% to as low as 50%, but patients did not expe-

rience any dyspnea until the depleted levels reached critical values.

This was most likely due to the fact that CO2 continued to be

released. By the time CO2 started to accumulate, a feeling of breath-

lessness developed and many COVID-19 patients declined quickly

into respiratory failure.18

According to Henry's law, the HBOT acts by (a) dissolving oxygen

in the inflamed alveolar-capillary barrier, (b) increasing the diffusion

rate of oxygen, (c) the diffusion distance of oxygen, (d) increasing the

dissolution of oxygen in blood plasma, (e) achieving more oxygen satu-

ration of hemoglobin in the red blood cells, and (f) achieving the best

delivery of oxygen to the microcirculation and tissue.19 The next

result is a reversal of the downward spiral of COVID-19 patients.19

Elevated systemic levels of oxygen secondary to HBOT has been tra-

ditionally misunderstood in terms of respiratory metabolite effects

with a transient hyperoxemia that dissipates once the patient leaves

the chamber.19

A similar clinical setting was observed during the Spanish flu pan-

demic of 1918, when doctor Orval Cunningham of Kansas City, USA,

applied HBOT (pressure and oxygen) with a near-identical pressure of

1.6 ATA (1 ATA = 101.32 kPa) to a moribund patient with agonal

breathing. He exhibited the same dramatic reversal of his condition

that was observed by the Chinese physicians in Wuhan's patients with

COVID-19.19,21

HBOT is based on intermittent inhalation of 100% oxygen in a

pressurized chamber under 1.5 to 3.0 ATA. All HBOT properties meet

the demand of aerobic metabolism in hypoperfused regions of the

body,22 such as the alveoli suffering from edema, low lung surfactant

production, tissue inflammation, and areas of perialveolar micro-

thrombosed capillaries found in patients with COVID-19. Besides

offering better oxygen perfusion, HBOT also has anti-inflammatory

properties.

The main side effects of HBOT are limited to the pulmonary and

neurological (eg, visual impairment, tinnitus, nausea, facial spasms, diz-

ziness, and disorientation) systems.22 Pulmonary toxicity usually mani-

fests with tracheobronchial irritation. Oxygen toxicity has also been

previously reported.22 However, the adverse effects of HBOT seem

of relatively small concern in COVID-19 cases considering the rather

limited number of patients in whom such therapy could be considered

and applied.22

Several of HBOT's effects in reducing patients' inflammatory

state have been described,22 such as (a) modulation of oxidative

stress, including lipid peroxidation, and increase in antioxidant

enzymes, such as activity of iNOS in leukocytes and eNOS in plate-

lets; (b) modulation of cytokine levels, reduction of TNF-α, and lung

neutrophil sequestration; and (c) increase in synthesis of HIF-1α (hyp-

oxia-inducible factor-1 alpha) via an oxidative stress response, medi-

ated in part by thioredoxin, leading to increased recruitment of stem

cells.

Hyperbaric exposition and decompression induce activation of

fibrinolysis, even in the absence of detectable gas bubbles.23

Fibrinolytic activity increases mainly due to decreases in concentra-

tion and activity of plasminogen activator inhibitor-1 (PAI-1).23 Other

HBOT effects under coagulation/fibrinolytic pathways include

(a) increasing red blood cell (RBC) deformation (erythrocyte rheology),

allowing RBCs to perfuse areas that they otherwise could not due to

capillary and small arteriolar damage from purpura fulminans or duet

to impaired RBC deformability, contributing to sludging and oxygen

offload inability.24; (b) attenuating reperfusion injury and platelet

aggregation24; (c) capillary and fibroblast proliferation24; (d) collagen

production24; and (e) prevention of alteration in the coagulation cas-

cade and arterial blood gas in an experimental zymosan-induced

model of multiple organ failure syndrome.25

Endothelial cells represent one-third of the total lung cells.24

Baseline endothelial damage may be chronically caused by increased

adiponectin in diabetic and obese patients; this effect is related to

activation of inflammasome NLRP3 and autocrine production of IL-

1β.24 Additional damage to pulmonary endothelial dysfunctional cells

is acutely provoked by infections and, in turn, causes excess thrombin

generation and reduced fibrinolysis.26 Additionally, hypoxia may lead

to increased expression and hypercoagulability of HIF-1α.26 There-

fore, a high rate of thrombotic episodes is reported in patients with

COVID-19, while increased vascular permeability seems to be strongly

related to increased thrombosis (inflammatory mediated).26 In

lymphopenia with organ failure, increased vascular permeability has

been strongly correlated with severe lymphopenia.26 Figure 3 summa-

rizes the possible mechanisms by which HBOT may act in both LV

and COVID-19 patients to repair inflammation, coagulation, and tissue

damage.

3 | ANTICOAGULATION

LV is histologically characterized by hyaline vascular alterations in the

sub-intima, leakage of erythrocytes, and fibrinous substance without

evidence of leukocytoclastic vasculitis (Figure 1). Lymphocyte infil-

trate and thrombosis of the dermal vessels and tissue ischemia may

also occur.7

We have personally witnessed the excellent results of anti-

coagulation therapy in patients suffering from LV.27,28 Warfarin

(targeted INR 2.0), heparin, and rivaroxaban have been used with posi-

tive results in pain resolution and wound repair. 27,28

In Italy, a randomized controlled trial is ongoing to compare effi-

cacy and safety of high doses of low-molecular-weight heparin

(LMWH) (ie, enoxaparin 70 IU/kg twice daily) compared to a standard

prophylactic dose (ie, enoxaparin 4000 IU once daily) in hospitalized

patients with COVID-19 who do not require invasive mechanical

ventilation.29

Activation of the coagulation system has been linked to the onset

of ARDS in patients during the hyperinflammatory phase of COVID-

19.30 Since macrophage activation and endothelial damage lead to a

greater expression of tissue factor and other coagulative factors,

median plasma concentrations of tissue factor and plasminogen acti-

vator inhibitor-1 are significantly higher up to day 7 in patients with

4 of 11 CRIADO ET AL.



ARDS compared to those without ARDS.30 Coagulopathy follows the

hyperinflammation and arises from thrombin generation mediated by

localized tissue factor, neutrophil extracellular traps, and depression

of fibrinolysis mediated by plasminogen activator in the lungs associ-

ated with an increase in PAI-1.30,31

High levels of IL-6 and IL-8 have been associated with SARS-

CoV-1 and SARS-CoV-2.30 In patients with an exacerbated inflamma-

tory state during COVID-19, these cytokines may aggravate the

hypercoagulable state for the following reasons: (a) IL-1β, IL-6, and

IL-8 can cause abnormal clot lysis, as demonstrated through analysis

of thromboelastography; (b) IL-8 can cause hypercoagulation (ie, clots

form faster) with an increase in cross-linking of fibrin fibers;

(c) inflammation stimulates coagulation through increased intravascu-

lar tissue factor (TF) expression and downregulation of the fibrinolytic

pathway; and (d) IL-6 can increase expression of fibrinogen, factor VIII,

and von Willebrand factor (vWF), as well as activation of endothelial

cells, increased platelet production, and reduced levels hemostasis

inhibitors, such as antithrombin and protein S. These findings demon-

strate how cytokines and inflammation activate coagulation and point

toward the presence of a possible loop mechanism that could be

amplified in a setting like that of COVID-19.30,31

Wichmann et al32 conducted a prospective cohort study in

12 consecutive COVID-19-positive deaths in Hamburg, Germany,

including findings from complete autopsies, postmortem computed

tomography, and histopathologic and virologic analysis. The autopsies

revealed deep venous thrombosis in seven of 12 patients (58%) in

whom venous thromboembolism was not suspected before death;

pulmonary embolism was the direct cause of death in four patients.

Postmortem computed tomography revealed reticular infiltration of

the lungs with severe bilateral, dense consolidation, whereas his-

tomorphologically diffuse alveolar damage was observed in eight

patients. In all patients, SARS-CoV-2 RNA was detected in the lung at

high concentrations, viremia was found in 6 of 10 patients, and 5e of

12 patients demonstrated high viral RNA titers in the liver, kidney, or

heart.32

Our group performed 49 autopsies in COVID-19 patients, all of

which presented severe pulmonary damage, including 25% with

thromboembolism and at least 75% with microinfarction, highlighting

that inflammation and endothelial damage per se act as local stimuli

for coagulation.

Histopathology of the lungs revealed diffuse alveolar damage

consistent with early ARDS in eight cases. Predominant findings were

hyaline membranes, activated pneumocytes, microvascular thrombi,

capillary congestion, and protein-enriched interstitial edema.31 Micro-

thrombi were found within small lung arteries and occasionally within

the prostate but not in other organs.32

COVID-19 may predispose patients to venous thromboembolism

in several ways.32 The coagulation system may be activated by many

F IGURE 3 Possible mechanisms of hyperbaric oxygen therapy in COVID-19 patients. Some actions of hyperbaric oxygen therapy, such as
acting as an anti-inflammatory agent, enhancing the fibrinolytic system, and promoting tissue damage repair. At the top of the figure, a CT image
of the chest of a male patient is suggestive of radiological COVID-19 findings, such as ground-glass opacity in the posterior lung segment. At the
bottom of the figure, a characteristic vaso-occlusive phenomenon can be observed in a patient with LV. HBOT, hyperbaric oxygen therapy; ",
enhance; #, decrease; MMP, metalloproteinase; PAI, plasminogen inhibitor; ROS, reactive oxygen species; SOD, superoxide-dismutase
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different viruses, including HIV, dengue virus, and Ebola virus.31 In

particular, coronavirus infections may be a trigger for venous throm-

boembolism, and several pathogenetic mechanisms are involved,

including endothelial dysfunction characterized by increased levels of

vWF; systemic inflammation by toll-like receptor activation; and a

procoagulatory state by TF pathway activation.32 Direct activation of

the coagulation cascade by a cytokine storm is also conceivable.32 In

this context, some professional societies have already made recom-

mendations for antithrombotic therapy for patients with COVID-19.33

Heparin has two different mechanisms of inhibition on the NF-κB

signaling pathway: one focuses on inhibiting translocation of the tran-

scription factor into the nucleus33 and the other one has been

explained as the ability of heparin to interfere non-specifically with

the binding of NF-κB to DNA in the nucleus.33 Hence, leukocyte

adhesion and activation, as well as pro-inflammatory cytokine produc-

tion, are downregulated as a result of the inhibitory effect of heparin

on the NF-κB signaling.34

Administering heparin to patients will not only activate their anti-

thrombins but may also affect the functional state of a variety of

other proteins.35 By competing with cell-surface heparan sulfate

(HS) for protein binding, heparin will displace proteins from their HS-

mediated anchoring and thus disrupt associated function.35

The effects of potential value in COVID-19 treatment include the

prevention of viral adhesion as well as promotion of antiinflammatory

activity based on inhibition of neutrophil chemotaxis and leukocyte

migration.35 The recurrent involvement of proteins bound to cell-surface

HS is striking.35 Binding of a viral protein to cell-surface HS is often the

first step in a cascade of interactions that are required for viral entry and

initiation of the infection.35 Heparin interacts with the receptor-binding

domain of the SARS-CoV-2 Spike S1 protein and heparin use may have

the potential to prevent viral adhesion.35 A retrospective clinical study

found that use of LMWH in the treatment of COVID-19 patients resulted

in significantly lower plasma levels of IL-6, a key player in the “cytokine
storm” associated with the severe outcomes of this viral disease.35,36

This review aim to contribute with additional information that

may be applied in the futures randomized-controlled trails (RCT) on

COVID-19 treatment, based on our experience with similar pathologi-

cal findings of microthrombosis in cutaneous blood vessels found in

patients with livedoid vasculopathy. Unfortunately, a systematic

review including RCT for COVID-19 treatment with anticoagulation

(warfarin, heparin or new direct oral anticoagulants) and/or HBOT

were not showed published results disposable until September

23, 2020, as demonstrated in Table 1.15,29,37-43

4 | CONCLUSION

We reviewed the mechanisms involved in inflammation and coagula-

tion in patients with COVID-19, as well as their similarities with the

microthrombosis observed in LV. Our experience in treating patients

with LV with excellent responses to HBOT and LMWH regimens acts

as reasoning for their translation from dermatology to treatment of

severely ill COVID-19 patients. A rational randomized controlled pro-

spective study assessing treatment of COVID-19 with and without

HBOT and LMWH is necessary as a proof of concept in the efficacy

and safety of this approach for moderate to severe COVID-19 until an

effective antiviral drug becomes available.
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