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Abstract

The coronavirus 2 (SARS-CoV-2) has resulted in an international pandemic. The SARS-CoV-2 affects cardiovascular, digestive and urogenital systems. In an attempt
to develop a multimodal and targeted approach to the pathophysiology associated with viral lung injury, we reviewed lung histopathology, inflammation, surfactant
biology and pathophysiology related to viral associated acute lung injury (ALI / ARDS). Histopathology of viral pneumonia/ARDS cases of the past 100 years has
revealed that lung parenchymal and vascular pathologic changes described in the 1918 influenza pandemic, are no different from the histopathology observed in other
viral pandemics. Given the inflammatory storm which can occur in COVID-19 infection, the patient is a candidate to develop the classic multi-organ dysfunction
and / or failure (MOD/F) which may well include ALI and ARDS. Because there is a well described temporal change in the pathophysiology associated with ALL
/ARDS, a “one size fit al” remedy will not suffice, hence our attempt at a targeted functional approach. For instance, variable results in adults treated with surfactant
have relegated the use of surfactant in adult ARDS to an uncertainty. We speculate that early and repeated surfactant installation in adults is required in adults.
Surfactant may also have beneficial effects on the inflammatory process in the ARDS lung. The increased clotting tendency associated with the inflammation (and
ARDS), particularly the effect on the lung vasculature (acute pulmonary hypertension and increased dead space), causes mechanical pressure overload (and failure)
of the right ventricle and mechanical respiratory failure. Active management of these should include inhibition of the accelerated coagulation and thrombolysis (via

nebulization) and early inotropic support.

Introduction

A recently identified human pathogen, acute respiratory syndrome
coronavirus 2 (SARS-CoV-2 or COVID-19), a beta coronavirus closely
related to acute respiratory syndrome coronavirus (SARS-CoV), has
resulted in a pandemic with excessive mortality [1]. The SARS-CoV-2
is highly contagious and uses the angiotensin-converting enzyme 2
(ACE2) receptor for host cell entry with the aid of its surface spike
(S) protein. The COVID-19 S protein binds ACE2 with higher affinity
than does SARS-CoV [1]. In the respiratory system, ACE2 receptors
are mainly expressed by type II alveolar cells (AT2) but are also found
in the oral cavity. However, because ACE2 receptors are also expressed
in various other organs, including the cardiovascular, digestive and
urogenital systems, it inter alia explains the widespread organ pathology
associated with SARS-CoV-2 [2,3].

It is claimed that the virus induces an atypical lung injury, and that
symptoms, signs and functional tests cannot be explained by impaired
pulmonary parenchymal dysfunction alone. Furthermore, “recent”
observations suggest that respiratory failure in COVID-19 is not driven
by and neither similar to the acute respiratory distress syndrome
(ARDS), but that microvascular thrombotic processes play a unique
and central role in its pathophysiology [4-6].

We briefly review lung histopathology, inflammation and
surfactant biology related to past-, present viral-, including coronavirus
induced acute lung injury or acute respiratory distress syndrome (ALI/
ARDS). Furthermore, like Nieman et al, we are of the opinion that a
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physiological approach to the management of the pathophysiology
is warranted [7]. This approach applies to the less severe ALI (either
referring to a low Murray count), which may include single segment
lung involvement [8] or mild ARDS (according to the PaO2/FiO2 ratio)
[8] and the more severe lung involvement (higher Murray score of worse
oxygenation ratio) [9,10]. We also examined the role for exogenous lung
surfactant replacement therapy, with or without adjunctive appropriate
anticoagulant agents and cardiovascular support in the treatment of
the pathophysiological processes associated with virus induced lung
pathology.

However, when reviewing the histology of viral pneumonia, be it
direct viral infection or the result of interleukin induced inflammatory
lung injury (acute lung injury (ALI) or acute respiratory distress
syndrome, (ARDS)), i.e., the expression of lung injury associated with
multi-organ inflammatory disease and failure (MOD/F)), publications
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are often not clear with reference to the stage of the disease process being
addressed. Although the generic description of a direct viral pneumonia
from a standard text reads as follows: “All causal agents produce
essentially similar morphologic patterns. The pneumonic involvement
may be quite patchy or may involve lobes bilaterally or unilaterally. The
affected areas are red-blue, congested and sub crepitant. The pleura
is smooth, and pleuritis and pleural effusions are infrequent’, there is
a clear difference in the histology and pathophysiological processes
depending on the time frame and course of the disease” [10,11].

The histology pattern is related to the clinical severity of the disease.
The general predominant finding is that of an interstitial inflammatory
reaction, virtually localized within the walls of the alveoli. The alveolar
septa are widened and edematous and usually have mononuclear
inflammatory infiltrates of lymphocytes, histiocytes and occasionally
plasma cells. In acute cases, neutrophils may also be present. The alveoli
may be free from exudates but in many patients, there is intra alveolar
proteinaceous material, a cellular exudate and characteristically pink
hyaline membranes lining the alveolar walls, - similar to those seen in
hyaline membrane disease in the infant. These changes reflect alveolar
damage similar to those seen in ARDS [12]. Thus, the above quoted
section suggests that, unless the pathologist is informed of the complete
course of the disease, the acute viral pneumonic process may well be
confused with the general inflammatory driven ALI /ARDS.

In the discussion to follow, it was often difficult to distinguish
the above permutations given the paucity of data regarding the time
temporal course of the disease process. Hence this publication attempts
to deal with the topic in a more generic fashion.

Histopathological findings in previous direct viral and
viral associated lung pathology

The worldwide outbreak of acute respiratory syndrome (SARS)
caused by a new coronavirus (SARS-CoV), occurred between November
2002 and July 2003. Histopathologic examination of lung specimens
from SARS-CoV victims revealed features of diffuse alveolar damage
(DAD) with marked pulmonary oedema and hyaline membrane
formation. Intra-alveolar organization and interstitial thickening with
mild to moderate fibrosis were features of the later stage of the disease.
Features of bronchiolitis obliterans-organizing pneumonia-like lesions
were also noted in some patients [13].

As can be expected, different histological patters were noted when
examining 8 cases [13]. Cases of shorter duration (10 or fewer days)
demonstrated histological features of acute-phase DAD, airspace
oedema, and bronchiolar fibrin, hyaline membranes, interstitial and
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intra-alveolar oedema and interstitial infiltrates of inflammatory cells.
Vascular congestion occurred in 50% to 75% of the lung parenchyma
of the acute phase DAD cases. Cases of longer duration (more than
10 days) demonstrated features of organizing phase DAD i.e. type II
pneumocyte hyperplasia, squamous metaplasia, multinucleated cells
and acute bronchopneumonia. However, the authors did not report on
pulmonary blood vessel thrombi.

Hwang and associates described the pulmonary histologic features
of SARS-CoV-positive cases [14]. Patients predominantly showed
a DAD pattern of lung injury, with formation of hyaline membranes
and interstitial thickening. Six cases predominantly showed an acute
fibrinous and organizing pneumonia pattern of injury, as evidenced
by formation of fibrin ‘balls’ within airspaces rather than hyaline
membranes, and by an organizing pneumonia pattern with fibrosis.
The remaining cases showed variable degrees of both patterns. Cases
of shorter duration (14 days duration or less) had more widespread
acute injury (exudative DAD) than those of longer duration (more
than 14 days), while those of longer duration showed more extensive
organization. Other associated histologic features, such as pneumocyte
hyperplasia, squamous metaplasia, and multinucleated cells, were present
in the SARS-CoV and comparison group. Injury of the pulmonary
vasculature (intravascular fibrin thrombi and thrombo-emboli), were
associated with lung parenchymal infarcts in many cases [14].

Publications on the histopathology of viral pneumonia/ARDS cases
of the past 100 years revealed that the spectrum of pathologic changes,
described in the 1918 influenza pandemic, was not significantly
different from the histopathology observed in other viral pandemics,
seasonal influenza, corona virus, including COVID-19 outbreaks (Table
1) [15-19]. Histopathology consistently revealed similar characteristic
lung changes in viral-induced pneumonia/ARDS: Development of
interstitial and alveolar oedema, hyaline membranes, focal necrosis of
the alveolar wall and capillary thrombosis of the vessels in the alveolar
wall and septa [15-19]. Alveolar epithelium undergoes necrotic changes
and desquamation and vast numbers of desquamated cells are observed
in the luminal spaces of alveoli, alveolar ducts and bronchioli. This,
together with macrophages, containing phagocytosed cellular debris,
is commonly seen. Intra-alveolar haemorrhage and oedema and near
necrotic areas are characteristic features of virus pneumonia and are
associated with the exudation of plasma and fibrin strands. With
rare exceptions, the main lung histopathology conforms to what is
known as DAD, i.e. the histological prototype of acute lung injury. The
mechanism is believed to be endothelial and alveolar epithelial cell
injury leading to fluid and cellular exudation, subsequent reparative
fibroblastic proliferation and type II pneumocyte hyperplasia [16-18]
(Figure 1) [19-23].
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Figure 1. Schematic diagram of the pathogenesis of ALI/ARDS following lung injury. Figure was adapted from references [20-23]
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Table 1. Summary of studies in viral-related ARDS and associated predominant lung histopathology of the past 100 years

First author (year)
Reference

Pandemic/Epidemic (Year)

Number of patients with
viral-related ALI/ARDS

Timeline between
onset and death

Main histopathology findings

LeCount (1919) [19]

Influenza (1917/1918)

1 case with pneumonia

10 days

Disseminated necrosis of the interalveolar microcapillaries and
oedema in the lung tissue. Perhaps the cause of haemorrhages or
haemorrhagic infarcts in the lung

Wolbach (1923) [15]

Influenza (1917/1918)

B

Fatal cases with ‘virus
lesions

7-32 days

Virus lesion at the start - desquamation and denudation of ECs
of bronchi, bronchioles, AD and lining of alv, laying bare BM.
Intense congestion of the blood vessels in these areas. Blood
cells in the airways and alv with fibrin. HMs in alv spaces. Few
leukocytes or phagocytes were found. HMs persisted and became
organized with connective tissue

Acute inflammatory reaction in arterial walls in some cases
with a fibrin deposit, necrosis of the walls of the vessel and
cellular infiltration. Thrombosis was found in the blood vessels.
Lympbhatics were distended. Together with evidence of repair
(fibrosis), acute bronchial inflammation persisted

Louria (1959) [25]

Influenza (1957-1958)

N=4 with diffuse lung
involvement

NR

Similar lung findings in above 4. Bloody fluid in trachea, bronchi
and alveoli. Hyperemic alv capillaries. Parenchyma, dark red,
congested, edematous and heavy. No thrombi.

Tracheitis, bronchitis and bronchiolitis with loss of normal ciliated
epithelial cells and EC regeneration.

Alv spaces contained neutrophils and mononuclear cells, admixed
with fibrin and oedema fluid. Acellular, HMs lined ADs and alv

Franks (2003) [13]

SARS-CoV (2002)
(Singapore)

4 - 20 days

<10 days

>10 days

Acute phase DAD; including HMs, interstitial and intra-alveolar
oedema, interstitial infiltrates of inflammatory cells, and vascular
congestion. Fibrin thrombi in small PA in 2/4 cases

Organizing phase DAD; characterized by interstitial and airspace
fibroblast proliferation, accompanied by repair in the form of AT2
pneumocyte hyperplasia and squamous metaplasia. Fibrin thrombi
in small PA in 3/5 cases

Hwang (2005) [14]

SARS (2003/Toronto)

N=20

5-108 days

<14 days
>14 days

Acute DAD

Fibrin thromboemboli 80%

Pulmonary infarcts 20%

Acute fibrinous and organizing pneumonia.
Fibrin thromboemboli 87%

Pulmonary infarcts 73%

Nin (2012) [28]

Influenza A
HINI (2009)
Multi-centre

N=6

<10 days

>10 days (16-45
days)

Exudative DAD (2/3); Proliferative DAD (1/3); alveolar
haemorrhage (3/3)

Proliferative DAD (2/3); fibrosis (1/3); necrotizing bronchiolitis
(1/3); alv haemorrhage (3/3)

Other findings included microthrombi or thrombi in large arteries

Ng (2016) [30]

MERS
(MERS-CoV) (2014)

12 days

Exudative DAD

Menter (2020) [33]

COVID-19
(SARS-CoV-2)
(Switzerland)

N=21

0-16 days

Exudative DAD with massive capillary congestion often
accompanied by microthrombi despite anticoagulation.
Superimposed bronchopneumonia (10/21); Pulmonary embolisms
(4/21); Alveolar haemorrhage (3/21)

Xu (2020) [3]

COVID-19
(China)

14 days

Bilateral DAD with cellular fibro myxoid exudates

Right lung: desquamation of pneumocytes and HMs

Left lung: pulmonary oedema with HMs

Interstitial mononuclear inflammatory infiltrates, dominated by
lymphocytes, in both lungs.

Atypical enlarged pneumocytes

Carsana (2020) [35]

COVID-19
(Northern Italy)

N=38

5-31 days

Exudative and proliferative phases of DAD; capillary congestion,
necrosis of pneumocytes, HMs, interstitial oedema, pneumocyte
hyperplasia and platelet-fibrin thrombi in small arterial vessels.
Inflammatory infiltrate: macrophages in alveolar lumens and
lymphocytes in interstitium

Ackermann (2020) [36]

COVID-19 versus

Influenza A
Controls

N=7 COVID-19

N=7 Influenza A
N=10 Controls

<10 days

<21 days
<6 days

DAD: 100% COVID-19 & Influenza A

Vascular angiogenesis distinguished the lung pathobiology of
Covid-19 from that of influenza virus

Lungs of influenza heavier

Both COVID-19 & influenza have vascular thrombi

Alveolar CAP microthrombi were 9 times as prevalent in patients
with COVID-19

Similar ACE2 expression in alveolar and ET cells in COVID-19
and influenza

ECs: epithelial cells; AD: alveolar duct; BM: basement membrane; HMs: hyaline membranes; NR: not recorded; DAD: diffuse alveolar damage; AT2: alveolar type 2 cell; PA: pulmonary
arteries; ET: endothelial; CAP: capillary; MERS: Middle East respiratory syndrome coronavirus (MERS-CoV); SARS-associated coronavirus (SARS-CoV); COVID-19: coronavirus
disease of 2019 (SARS-CoV-2).
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Given the inflammatory storm [24] which can occur in COVID-19
infection, patients are candidates to develop the more classic multi-
organ dysfunction and / or failure (MOD/F) which may well include
ALI and ARDS [25].

The pathological changes to the lung associated with influenza viral
pneumonia, have recently been reviewed [16]. The acute alveolar injury
(DAD) caused by influenza virus infection is similar to that caused
by many other agents which are noxious to alveoli. In the early stage,
there is necrosis of alveolar epithelium, characterized by denudation
of the alveolar septum and the presence of desquamated pneumocytes
in the alveolar lumen. These desquamated cells are shrunken and
show pyknosis or karyorrhexis and cytoplasmic vacuolation or
hypereosinophilia. The alveolar lumina are flooded with oedema
fluid with a variable mixture of fibrin and erythrocytes (intra-alveolar
haemorrhage). In some alveolar lumina, there are many alveolar
macrophages. Characteristically, alveoli and alveolar ducts are lined
with hyaline membranes, consisting of fibrin-rich oedema fluid mixed
with the cytoplasmic and lipid remnants of necrotic epithelial cells. The
alveolar septa are widened due to hyperaemia of alveolar capillaries,
interstitial oedema, and leukocyte infiltration, - mainly neutrophils
but also eosinophils. These leukocytes also may be present in alveolar
lumina. Fibrinous thrombi may be present in the capillaries of alveolar
septa and alveolar ducts, as well as in small pulmonary blood vessels.
Possibly, as a result of the thrombi, alveolar septa become necrotic.
The late stage of influenza viral pneumonia is characterized by re-
epithelization of the alveoli by type II pneumocytes (type II pneumocyte
hyperplasia), interstitial fibrosis of alveolar septa, and infiltration by
mononuclear leukocytes, predominantly lymphocytes and plasma
cells. In addition to the above alveolar changes, the bronchioles show
necrotizing bronchiolitis, characterized by epithelial necrosis, the
formation of hyaline membranes, and infiltration by variable numbers
of neutrophils. Changes to the trachea and bronchi are similar to those
of uncomplicated influenza. Chronic changes of influenza pneumonia
may include squamous metaplasia and interstitial fibrosis [16,19].

In 1923 Wolbach and Frothingham described autopsy findings of
26 cases of the 1917/18 influenza epidemic [15]. In what he labelled
as ‘the virus lesion, the early stages (of pneumonia) consisted in an
injury to the epithelial cells of the smaller bronchi, the bronchioles, the
alveolar ducts and the lining of the alveoli themselves, desquamation
of this epithelium and denudation of the alveoli. They noted that “In
some places considerable strips of desquamated epithelium were seen
detached from the basement membrane and at the same time, there
was intense congestion of the blood vessels in these areas, and although
no actual injury to the blood vessels could be made out, there must
have been an injury because the red blood cells had broken out into the
lumen of the bronchial tree and the alveolar spaces and a slight amount
of fibrin had been deposited. In addition, a hyaline-like membrane was
found in the alveolar spaces”.

Interestingly, Wolbach and Frothingham also described the
presence of air in the subcutaneous tissues of the neck, in some cases
over the entire trunk, head and extremities. It was felt at the time that
the acute interstitial emphysema resulted from the mechanical rupture
of some of the alveoli which have become distended by acute alveolar
emphysema. The air trapping could have been as a consequence of
intra alveolar fibrin clots and hyaline membranes causing a ‘ball-valve’
effect which was aggravated by high generated negative intrathoracic
pressure associated with spontaneous breathing efforts in patients who
had low lungs compliance. Although not defined at the time, patient
self-initiated lung injury (P-SILI) may have played a role in determining
some of the structural lesions observed in these cases [15].

J Respir Dis Med, 2020 doi: 10.15761/JRDM.1000126

Autopsy findings of the 1957-1958 influenza pandemic revealed
that in 6 cases with influenza pneumonia, without secondary bacterial
infection, there was is a fulminating diffuse haemorrhagic pneumonia
which led to death in five patients. The trachea and bronchi contained
bloody fluid and mucosa were hyperemic. Tracheitis, bronchitis and
bronchiolitis with loss of normal ciliated epithelial cells were prominent
and were frequently associated with evidence of epithelial regeneration.
Submucosal hyperemia, focal haemorrhage, haemorrhage, oedema
and a slight cellular infiltrate were present in these areas. The alveolar
spaces contained varying numbers of neutrophils and mononuclear
cells mixed with fibrin and oedema fluid. The alveolar capillaries were
markedly hyperemic and intra-alveolar haemorrhage was common.
Focal necrosis of the alveolar septa was found in only one case. In
general, all changes described were most marked in the lower lobes. In
each of the cases, striking acellular hyaline membranes lined many of
the alveolar ducts and alveoli. Such hyaline membranes were frequently
prominent in areas that showed minimal cellular exudation [24].

Limited autopsy findings of fatalities of the H5N1 Avian influenza
viral epidemic of 1997 have been reported [25]. Although there were
differences, compared to pathology reports referring to other strains
of influenza, findings in the respiratory system in two cases revealed
extensive haemorrhage, organizing DAD with interstitial fibrosis
and cystic and dilated air spaces. Both cases showed a reactive
hemophagocytic syndrome in hematopoietic organs, which the authors
postulated may have been triggered by elevated reactive cytokines, i.e.
the ‘cytokine storm’ H5N1 viral replication was not confined to the
respiratory tract but also occurred in the gastrointestinal tract. However,
together with alveolar macrophages, the type II pneumocytes were the
major site of H5N1 viral attachment and replication in humans. The type
IT alveolar cells are important for surfactant production, fluid transport
out of the alveolar lumen and re-epithelialization after damage, while
alveolar macrophages are important for phagocytosis of pathogens and
regulation of the inflammatory response in the alveoli [26].

Recently emphasis was placed on atypical presentations of
COVID-19, including the ‘new’ finding of lung microthromboses and
/ or presence of pulmonary embolism [27]. However, the latter is not
novel when one considers pathology articles published 100 years ago.
Vascular injury in relation to viral (influenza) pneumonia was already
described in 1919. LeCount reported hemorrhages and oedema in the
lung, disseminated necrosis of the interalveolar capillaries and “button-
like” firm peripherally located regions of consolidation ascribed to
haemorrhagic infarcts, due to possible embolism [19].

Pathology findings in cases of the HIN1 influenza pandemic of
2009 predominantly showed DAD, accompanied by haemorrhage and
necrotizing bronchiolitis [26]. The previously described three distinct
patterns of pulmonary pathological changes were again found. These
included classic exudative DAD, with alveolar and interstitial oedema,
alveolar fibrinous exudate with hyaline membranes. Additional findings
included microthrombi or thrombi in large arteries. Those cases dying
within the first week after diagnosis presented with signs of exudative
ARDS, whereas those dying after the first week presented with signs
of proliferative ARDS. The case with the longest ICU stay showed
fibrotic changes [28]. A detailed description of the histopathological
changes and ultrastructural findings of a two fatal cases of Middle
East respiratory syndrome coronavirus (MERS-CoV) infection were
available for review [29,30]. In both cases the predominant pulmonary
histologic pattern was exudative phase diffuse alveolar damage with
denuding of bronchiolar epithelium, prominent hyaline membranes,
alveolar fibrin deposits, type 2 pneumocyte hyperplasia, multinucleated

Volume 2: 4-26



Smith J (2020) An overview of acute lung injury in general and in particular viral infections with specific reference to nebulized surfactant and anticoagulation

syncytial cells, and alveolar septa showing oedema and lymphocytes
with fewer plasma cells, neutrophils, and macrophages. Dispersed foci
of necrotic debris were seen both sub pleural lung and within alveoli. In
the one case the alveolar spaces were disrupted, dilated and contained
a large amount of blood and fibrin, mixed inflammatory cell infiltrate
and cellular debris [29]. Pneumocyte hyperplasia and reactive changes,
denudation and sloughing of alveolar cells, rare multinucleated
syncytial cells, congestion of the alveolar walls and hyaline membrane
formation were evident. Lung vascular thrombi were not described.

Histopathology associated with SARS CoV-2

SARS CoV-2 or COVID-19 histological examination of one case
showed bilateral, diffuse alveolar damage with cellular fibro-myxoid
exudates [31]. The right lung showed desquamation of pneumocytes
and hyaline membrane formation. The left lung tissue displayed
pulmonary oedema with hyaline membrane formation. Interstitial
mononuclear inflammatory infiltrates, dominated by lymphocytes,
were seen in both lungs. Multi-nucleated syncytial cells with atypical
enlarged pneumocytes, characterised by large nuclei, amphophilic
granular cytoplasm and prominent nucleoli were identified in the
intra-alveolar spaces. The authors concluded that pathological features
of COVID-19 greatly resemble those seen in SARS and Middle Eastern
respiratory syndrome (MERS) coronavirus infection.

Pathologic findings from two patients included oedema and
prominent proteinaceous exudates, vascular congestion and
inflammatory clusters with fibrinoid material and multinucleated giant
cells [32]. Reactive alveolar epithelial hyperplasia was seen in the one
case and fibroblastic proliferation (fibroblast plugs) in the other- in
keeping with early organization. No prominent neutrophil infiltration
was seen. Microvascular thrombosis was not reported.

Menter et al. studied autopsy findings of 21 COVID-19 patients
in who the primary cause of death was respiratory failure. He
demonstrated diffuse exudative alveolar damage with prominent
capillary congestion, frequently accompanied by microthrombi despite
anticoagulation [33]. The most prominent histologic finding was severe
capillary congestion (capillarostasis) and the presence of microthrombi
in the lungs and kidneys (despite anticoagulation), hyaline membranes,
reactive pneumocyte changes and syncytial cells corresponding to
exudative DAD. Ten cases showed superimposed bronchopneumonia.
Further findings included pulmonary embolism (n=4), alveolar
haemorrhage (n=3) and vasculitis (n=1). Pathology in other organ
systems were predominantly attributable to shock and three patients
showed signs of generalised thrombotic microangiopathy. A third of
patients presented with severe mucous tracheitis/tracheobronchitis.
Gross findings of the lungs were heterogeneous, ranging from patchy
to diffuse areas of consolidation to severe and extensive suppurative
broncho-pneumonic infiltrates. In all cases, the lung parenchyma was
heavy and firm, unevenly blueish-red in colour with signs of severe
congestion. Eight cases presented with proliferative DAD. Some cases
had oedema and alveolar haemorrhage in conjunction with pulmonary
embolism. In five of eleven cases where immunohistochemistry
for fibrin were performed, microthrombi were detected in alveolar
capillaries. Four cases presented with peripheral and prominent central
pulmonary embolism. Direct correlation with radiology findings was
not possible as most cases were only subjected to CT imaging at the
time of hospital admission and not during the further course of their
hospital stay. Ground glass infiltrates on chest X-ray were recorded in
57% of those subjected to X-ray examination.
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The authors found that hypertensive, elderly, obese, male
individuals with severe cardiovascular comorbidities, as well as those
with blood group A, may have a lower threshold of tolerance for
COVID-19. Evidence suggests that blood group A may be associated
with the failure of pulmonary microcirculation and coagulopathies in
COVID-19 and previous evidence investigating SARS-CoV suggests
a direct interaction between blood group antigen A and the viral
S protein, thus facilitating viral entry via ACE2. COVID-19 again
emphasised the importance of virus-induced vascular dysfunction
in disease progression. Notably, suppressing a COVID-19 associated
“cytokine storm” by anti-interleukin 6 (IL-6) therapy now is a proposed
strategy pursued in COVID-19 treatment [33].

Zhang et al. [34] described similar histopathological findings
in cases of severe acute respiratory syndrome when compared to
pathology findings in coronavirus disease 2019 (COVID-19).Diffuse
alveolar damage (DAD) was a characteristic finding in non-survivors
with both SARS and COVID-19. Patients who died less than 10~14
days of disease duration, demonstrated acute-phase DAD, while cases
beyond 10~14 days of disease duration exhibited organizing-phase DAD
in SARS. In addition, organization and fibrosis were usually accompanied
by exudation. Coronavirus was mostly detected in pneumocytes and
were not as prominent in macrophages and bronchiolar epithelial cells.
Thrombosis was commonly observed in small vessels and capillaries in lungs
in which the DAD pattern was noted. Microthrombosis was also found in
extrapulmonary organs in COVID-19, but less than reported in SARS.

Haemorrhagic necrosis and lymphocytes depletion were found
in lymph nodes and spleen in both SARS and COVID-19, suggesting
pathological basis for the observed lymphocytopenia in some of the
COVID 19 patients.

In an autopsy study of 38 COVID-19 related deaths from Northern
Italy, the predominant findings were exudative and proliferative
phases of DAD: capillary congestion, necrosis of pneumocytes,
hyaline membranes, interstitial oedema, pneumocyte hyperplasia and
platelet-fibrin thrombi in small arterial vessels were demonstrated. The
inflammatory infiltrate included macrophages in the alveolar lumens
and lymphocytes in the interstitium [35].

Ackermann et al. [36] compared the morphologic and molecular
features of lungs obtained from autopsy of 5 unventilated and 2
ventilated patients who died from COVID-19, with lungs from patients
who died from influenza A-related virus subtype HIN1 pneumonia (all
ventilated) and age-matched, uninfected control lungs. The COVID-19
cases all died within 10 days of disease onset. A novel finding from the
lungs of the patients with Covid-19 was that of vascular endothelialitis,
thrombosis and angiogenesis, compared to the influenza and control
cases. The lungs from the patients with COVID-19 and those with
influenza shared a common morphologic pattern of DAD and
infiltrating perivascular lymphocytes. All lung specimens from the
COVID-19 group had DAD with necrosis of alveolar lining cells,
type-2 pneumocyte hyperplasia and intra-alveolar fibrin deposition.
Four of the 7 cases had focal changes and mild interstitial oedema. In
three there were homogeneous fibrin deposits and marked interstitial
oedema with early intra-alveolar organization. The severe changes to
the endothelial cells in patients with COVID-19, suggested that the
finding of SARS-CoV-2 virus within the endothelial cells, together
with perivascular inflammation, contributed to the endothelial injury.
Lungs of COVID-19 patients had widespread vascular thrombosis with
microangiopathy and occlusion of alveolar capillaries. An unexpected
finding was that of significant vessel growth (angiogenesis) in the lungs
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from patients with COVID-19 as compared with the lungs from patients
with influenza. The specimens in the influenza group had florid DAD
with significant interstitial oedema and extensive fibrin deposition
in all the cases. The weight of the lungs of the influenza patients was
significantly higher than that of the COVID-19 and control cases. There
were no significant differences in the relative counts of ACE2-positive
cells when comparing alveolar epithelial cells and endothelial cells of
COVID-19 and Influenza cases. Analysis of precapillary vessels showed
the presence of thrombi to a similar extent in lungs from patients
with COVID-19 and lungs from the patients with influenza. Thrombi,
without complete luminal obstruction, were consistently present in
pulmonary arteries with a diameter of 1 mm to 2 mm. Fibrin thrombi of
the alveolar capillaries could be seen in all the lungs from both groups
of patients. Alveolar capillary microthrombi were 9 times as prevalent
in patients with COVID-19 compared to patients with influenza when
considering the mean number of thrombi per square centimeter of
vascular luminal area. Intravascular thrombi in postcapillary venules
of less than 1 mm diameter were seen in lower numbers in the lungs
from patients with COVID-19 than in those from patients with
influenza. Two lungs in the COVID-19 group had involvement of all
segments of the vasculature when compared with four of the lungs in
the influenza group. In three of the lungs in the COVID-19 group and
three of the lungs in the influenza group, combined capillary and venous
thrombi were found without arterial thrombi. The histologic findings of
the lungs were confirmed by micro-computed tomography (CT). Lungs
from patients with COVID-19 and from patients with influenza showed
nearly total occlusions of precapillary and postcapillary vessels, lending
support to a conclusion that microvascular vessel occlusion is not peculiar
to COVID-19 as it already was demonstrated in in SARS CoV and post
mortem studies from the previous century. The lungs from patients
with COVID-19 however, had significant new vessel growth through a
mechanism of intussusceptive angiogenesis. It is speculated that this is be
related to a greater degree of endothelialitis and thrombosis.

In summary, whatever the origin of ALI or ARDS, it appears that
histological studies demonstrated the presence of diffuse alveolar
damage with hyaline membranes, interstitial oedema, cell necrosis
and proliferation or fibrosis [21,37]. Lung histopathology after viral-
induced ARDS, including coronavirus and COVID-19, are typically
described as passing through three overlapping phases an inflammatory
or exudative, a proliferative and finally a fibrotic phase (Figure 1). These
phases may be complicated by episodes of nosocomial pneumonia and
/ or exacerbated by inappropriate mechanical ventilator strategies.

DAD s considered the pathological correlate of the clinical diagnosis
of ALI/ARDS. Many authors suggest that the key finding that defines
DAD is the presence of hyaline membranes. Hyaline membranes are
characterized by the presence of dense eosinophilic material composed
of cellular debris, plasma proteins and surfactant and are found along
the alveolar septa. Fibrinous thrombi may be present in the capillaries
of alveolar septa and alveolar ducts, as well as in small pulmonary blood
vessels [37]. Possibly as a result of these thrombi, alveolar septa become
necrotic. The late or chronic stage of influenza / viral ALI/ARDS is
characterized by re-epithelization of the alveoli by type II pneumocytes
(type IT pneumocyte hyperplasia), squamous metaplasia and interstitial
fibrosis of alveolar septa and microcystic honeycombing, a chronic
condition analogous to ‘bronchopulmonary dysplasia® described in
ventilated, surfactant-deficient premature babies [21,29,33,37].

Although DAD is considered the pathological correlate of the
clinical syndrome ALI/ARDS, clinicians have recently proposed
that COVID-19 cases often presents with as an ‘atypical’ format,
i.e. dissociation between degree of hypoxaemia, respiratory rate (as
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indicative of respiratory distress) and lung compliance [16-18,20,37,38].
This observation begs the question whether this is a novel manner in
which COVID-19 presents? [4]. In 2017 it was already reported that
clinical and autopsy studies suggest that only one-half of patients who
meet the clinical definition of ARDS have DAD [37]. The authors then
questioned whether patients with ARDS who have DAD, experience
different outcomes than patients with ARDS but without DAD? [37]. It
appears therefore that ‘atypical’ ALI/ARDS is not uncommon, neither
unique to COVID-19. Alternatively, this dissociation between the
hypoxemia and respiratory distress may be an earlier expression and
focal lung injury compared to the later general inflammatory process
driven ALI/ARDS involving the whole lung.

Acute lung injury / Acute respiratory distress syndrome

ALI/ARDS is caused by conditions which either directly affect the
lung (pneumonia, aspiration of gastric contents, blunt chest trauma)
and non-pulmonary causes such as trauma, sepsis, acidosis, prolonged
haemorrhagic shock and many other conditions [39-42]. The final
common pathway by which these diverse aetiologies injure the lung
is via activated neutrophils which accumulate in the lung vasculature
and move into the lung tissue per se [41,43,44]. In this regard the
lung is only but one of the organs involved in what is known as multi-
organ dysfunction and failure (MOD/F) [45]. ARDS develops rapidly,
in most patients within 12 to 48 hours of exposure to infectious or
non-infectious insults [44]. Every component of the lung (epithelium,
endothelium of the vasculature, airspaces and interstitium) are involved
and this process [45].

Characteristically, there is a latent period between the insult and the
development of the full-blown clinical syndrome ALI/ARDS. After this
interval; tachypnea, laboured breathing and cyanosis (hypoxemia) are
observed. The major insult is to the alveolar-capillary membrane that
initially results in increased permeability and subsequent interstitial
and alveolar haemorrhagic pulmonary oedema. This early stage is
followed by an inflammatory process and the formation of hyaline
membranes to be followed by fibrosis and perhaps recovery of the
lung architecture [46]. This course of events is also described as the
diffuse alveolar damage (DAD) syndrome [21,37,38,47]. The injury
of the alveolar-capillary membrane eventually causes protein-rich
neutrophilic exudate in the alveoli (although alveoli are involved in a
seemingly random manner as there is variation in the alveolar injury
ranging from limited injury to severely injured alveoli (Figure 2).

! . aw 8 B . r .
Figure 2. Histology of lung of a patient who died with ARDS. Note the differential
distribution of the alveolar abnormalities (compare A, B and C). (A Coetzee, N. Rossouw,
unpublished result).
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This process, combined with a defective hypoxic pulmonary
vasoconstrictive response, results in low ventilation/perfusion units
(Qva and Qs) and arterial hypoxia [48]. It has been shown that the dead
space (VD/VT) is also increased [49] and the likely explanation is the
obstruction of the pulmonary artery by clots and obstruction of the
arterioles. Hence, the probable cause for the dead space is more likely
the vascular pathology rather than lung parenchymal pathology (which
explains the low ventilation to perfusion pathology) [50]. It needs to
be emphasised that ALI/ARDS is not only a lung parenchymal disease,
the pulmonary vascular bed are involved and increased clot formation
is very much part of the process and at least partially explains the acute
pulmonary artery hypertension which may fail the right ventricle and
result in an incompetent cardiac output [45,51]. The reduction in cardiac
output occurs when the thin walled right ventricle cannot cope with the
acutely elevated pulmonary artery pressure and this interaction results
in a mismatch between the oxygen delivery and consumption because
of the resultant insufficient cardiac output. The latter results in mixed
venous blood desaturation and, in the presence of Qs, the mixed venous
desaturation is a significant contributor to arterial hypoxia (Figure 3).

The hypoxia associated with the latter process cannot be overcome
with ventilator strategies; it requires inotropic support of the right
ventricle and an increase in the arterial oxygen content for instance by
ensuring an acceptable haemoglobin value [51]. This well described
vascular pathology, and its effects on the central circulation and
arterial oxygenation, is the basis for the concept of nebulized heparin
and thrombolysis [52]. The pathophysiology of the ALI/ARDS
characteristically results in a reduction in lung compliance by virtue
of the reduction in the surfactant and function residual volume (FRC),
irrespective if one supports the contention of whole or regional (or
both) lung pathology [42,53,54]. The regional model is referred to as
the “baby lung” concept associated with ALI/ARDS and was the major
driver for the protective lung ventilation strategy [54,55].

Among infectious organisms, viruses can produce the characteristic
acute phase pathophysiologic hallmark of ARDS, i.e., DAD [37,56,57].
Failure to rapidly overcome or repair the tissue damage results in a
negative spiral of self-perpetuating inflammation with subsequent
progressive loss of lung parenchymal function, intravascular clotting
and right heart failure [38,45,47,51,55,57-59]. Since ARDS was first
named and defined in 1967 (it probably was already described in 1945),
the definition has been redefined several times [38,58]. However, the
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Figure 3. The important role of mixed venous saturation on arterial oxygenation in the
presence of pulmonary shunt. The mixed venous are shown on the right. (Computed from
46 patients with ARDS and using the average values as indicated on the figure (A Coetzee,
Unpublished result, 1988).
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described pathology remained unchanged [59,60]. Ashbaugh et al.
described acute respiratory distress (ARDS) in 12 patients with acute
onset of tachypnoea, hypoxaemia, and loss of compliance after a
variety of insults. In 4 of the cases, viral pneumonia was considered
as the underlying cause [60]. The clinical and pathological and X-ray
features closely resembled those seen in infants with respiratory
distress, congestive atelectasis and post-perfusion lung [61,62]. Positive
end-expiratory pressure (PEEP) improved the atelectasis and relieved
the hypoxaemia [63]. Autopsy in 7 patients showed heavy and deep
reddish-purple lungs, resembling liver tissue. In those who died early in
the course of the illness, predominant features were hyperemia, dilated
engorged pulmonary capillaries, and areas of alveolar atelectasis,
interstitial and intra-alveolar haemorrhage, pulmonary oedema and
hyaline membranes. Alveolar macrophages were numerous. No vascular
thromboses were however reported. Lung surface-tension was found
to be high in two cases. Diffuse interstitial inflammation and fibrosis,
without notable hyperaemia, were present in two patients who died
after a protracted course. Both patients also had hyaline membranes.

Classically, ARDS is recognized to be a neutrophil-driven disease
but experimental data have shown that even neutropenic patients
are susceptible to the development of ARDS [38,41]. In addition,
the involvement of cells from the innate (including macrophages
and platelets) and adaptive immune systems in the pathogenesis
of acute respiratory distress syndrome are increasingly recognized.
Neutrophils and macrophages are recruited to the inflammatory focus
on the lung, thereby propagating the initial insult. The inflammatory
exudate interacts and decreases the function of surfactant, causing
alveolar instability and as the epithelial Type 2 alveolar cell injury
progresses. The presence of hyaline membranes and fibrin clots within
the distal- and alveolar spaces, alter the lung viscoelastic properties
leads to decreased pulmonary compliance and abnormal gas exchange
via ventilation to perfusion mismatching and ineffective hypoxic
pulmonary artery vasoconstriction response [38,48]. Pulmonary macro
and microvascular thrombi occur and probably explain to a large
extent the acute pulmonary artery hypertension which increases right
ventricular afterload [45]. The right ventricular dysfunction and ventricle-
afterload mismatch can be further exacerbated by incorrect mechanical
ventilation strategies and excessive fluid administration [61].

Systemic elevation of cytokines is involved in the pathogenesis of
ARDS-related morbidity [62]. Persistent production of inflammatory
mediators in the lung sustains inflammation with resulting tissue injury,
intravascular and extravascular coagulation and fibroproliferation.
These result in maladaptive lung repair ultimately evolving into fibrosis.
In COVID-19, the pattern of immune dysregulation is characterized
by IL-6-mediated human leukocyte antigen D related (HLA-DR)
expression and lymphopenia. This causes with a sustained cytokine
production and hyper-inflammation [63].

At a clinical level, ARDS is defined as the presence within 1 week
of a known clinical insult, acute arterial hypoxemia (PaO2/FiO2 <300
mmHg) with a minimum requirement of 5 cm H2O positive end-
expiratory pressure (PEEP) and the presence of bilateral radiographic
opacities not explained by an elevated left atrial pressure [58].

Clinical experience is in keeping with the well described pathology.
Initially the patients have signs and symptoms which can be ascribed to
lung oedema i.e., degrees of hypoxemia and tachypnea, mainly driven
by the hypoxia and the loss of compliance associated with a reduction
in functional residual capacity and the associated stimuli originating
from the lung volume receptors. As the disease progresses, the hypoxia
deepens, and the pathophysiology of the hypoxia is the low ventilation
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-perfusion (V/Q) units varying from venous admixture (Qva) to
complete pulmonary shunt (Qs). The mixed venous blood oxygenation
becomes more important in maintaining arterial oxygenation as the Qs/
Qt increases. With regards to the latter, the clots demonstrated in the
pulmonary artery and perhaps some vasospasm elevates the pulmonary
artery pressure, and this acutely loads the thin-walled right ventricle
[51]. This mismatch in right ventricular and pulmonary artery elastance
reduces the mixed venous saturation and contributes significantly
to the arterial hypoxia. The low pulmonary compliance is reflected
in the accompanying need for increased inflation pressure required
to ventilate the patients. However, the importance of containing the
inflation pressure and driving pressure, in order to protect the lung,
has recently been repeatedly emphasized [64-66]. In order to maintain
the plateau inflation pressure below 30 cm H2O, rather than risking
volume trauma of the lung, the concept of permissive hypercarbia was
promoted and has been shown to be safe [67].

Recently it was reported that the pulmonary pathology associated
with COVID-19 cases with respiratory involvement, vary from
minimal (acute lung injury) to severe lung involvement (ARDS) [4].
During the early phase of ALI, patients developed severe hypoxemia
often associated with near normal respiratory system compliance [68].
The early CT scans showed patchy infiltrates and apparently normal
lung volumes [27]. The proposed mechanism for the hypoxia is via
the inhibition of the hypoxic pulmonary arterial vasoconstrictive
response (related to inflammation and associated tissue injury) which
results in these areas acting as low V/Q lesions. We speculate when we
propose that the absence for overt tachypnea, despite severe hypoxia,
is at least partially the result of the well-maintained lung volume and
hence the absence of a volume receptor driven fast respiratory rate [68].
This early presentation is different from the more usual presentation
of ALI /ARDS where the patients have a significant tachypnea to the
point of mechanical respiratory failure [69]. Already in 1971, Petty and
Ashbaugh referred to the hypoxia and mechanical ventilatory stress
when they reported that ‘Patients with this syndrome suddenly develop
marked tachypnea, dyspnea and cyanosis which is refractory not only to
nasal oxygen but also to intermittent positive pressure breathing’ [59].
This atypical pattern of COVID-19 presentation could still be classified
under ALI given that the lung involvement may only be present in
quadrants and not meet the bilateral involvement required to meet the
definition of ARDS [8,58].

COVID-19 is associated with an accelerated inflammatory course
(hyperactivation of monocyte-derived macrophages) that is associated
with a coagulopathy [70]. It was suggested that the dissociation between
oxygenation status and lung mechanics in patients with COVID-19
pneumonia, is an atypical form of the condition and that micro- and
macro-thromboses in the lung contributed to the ventilation-perfusion
mismatch [4,5]. However, on a physiological basis, the vascular occlusion
results in pulmonary dead space (high ventilation to perfusion ratios)
[50]. The latter, in principle, cannot explain hypoxia save for a (initially)
elevated CO2 which, according to the alveolar gas equation, can depress
the alveolar oxygenation in a 1.2 ratio (accepting the respiratory
quotient being 0.8). This (initial) increase in PaCO2 associated with a
dead space lesion, will drive the respiratory centre and, as VA = VE -
(1I-VD//VT), the increase in minute ventilation can usually overcome
the hypercarbia (within limits). The hypoxia must have another origin
(i-e., cannot physiologically be explained by the micro clots in the lung
vasculature). From a pathophysiological perspective the combination
of low ventilation perfusion alveolar units and loss of the hypoxic
pulmonary vasoconstriction explains the hypoxia seen in COVID-19.
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The loss of the pulmonary hypoxic vasoconstriction mechanism, which
usually serves to optimize the ventilation to perfusion in the lung, is
inhibited by active infective processes and injury and there is no reason
to suspect that it would be different in viral infection(s) [71-74].

The above raises the question whether vascular thrombosis is a new
and or a unique finding specific to COVID-19 infection? Although
alveolar capillary microthrombi appears to be 9 times as prevalent in
patients with COVID-19 compared to influenza A cases [36], review
of pathology findings suggests that lung vascular thrombosis is not
a new phenomenon and that micro and macro pulmonary vascular
thrombosis / thromboembolism is an integral, but perhaps previously
underestimated and unrecognized, aspect of the pathophysiology of
most viral-induced ALI/ARDS as well as in ARDS from other causes
[45]. Before COVID-19, Thille et al. found that 24% of the 159 overall
populations with direct or indirect ARDS had thrombosis of small
pulmonary vessels at autopsy examination [20]. In our experience
with ARDS, clotting appears to be an early event in the disease process
[74]. We therefore suggest that there is no need for a name change of
COVID-19 to MicroCLOTS (microvascular COVID-19 lung vessels
obstructive thrombo-inflammatory syndrome), - a proposed new
name. The pulmonary vascular lesions noted in COVID-19 are, as a
fact, not a new phenomenon [6].

On the basis of their interpretation of COVID-19 related
hypoxemic respiratory decompensation, Gattinoni et al. then
proceeded to differentiate between ARDS’ phenotypes [4,5]. They
suggested that an initial (early) presentation could be described as Type
L (or ARDS 1) because it is characterized by low elastance (i.e., high
compliance), low ventilation to perfusion ratios, low lung weight and
low recruitability. Type H (later) or ARDS 2 has high elastance, high
right-to-left pulmonary shunt, high lung weight and high recruitability.
ARDS 1 / Type L may progress to ARDS 2 / Type H. It is therefore
recommended that respiratory supportive management should also be
adapted according to the phenotypic type.

Individuals afflicted with ARDS associated with COVID-19 often
suffer from a range of other underlying disease subtypes (phenotypic
heterogeneity), which increases morbidity and mortality. Individuals
may also present at different stages of a dynamic disease process
(temporal heterogeneity). It is therefore understandable that no single
approach predicts or illuminates the possible clinical course which
will be followed. During the initial Type 1 / ARDS 1 phase of COVD-
19 infection, it is suggested that CPAP, heated, humidified, high flow
oxygen (HHHFO2) or other forms of non-invasive ventilator (NIV)
support could be utilized since the pathophysiology suggests a better
preserved functional residual capacity (see CT scans reference [27]).
We therefore speculate that CPAP may not be as effective as one
expects as the areas of the lung, which is unaffected by the focal areas
of pathology, probably has better compliance than the diseased areas.
Hence the PEEP will preferentially benefit the more “normal” lung and
not specifically the diseased areas. However, early recognition of the
change from Type 1 to Type 2 is necessary as Type H / ARDS 2 require
timely intubation and application of formal mechanical assistance and
titrated PEEP since these cases, in addition to severe hypoxaemia, have
low lung compliance.

In early ALI associated with COVID-19, the management of the
hypoxic patient is recognizing progression of Typel to type 2 ARDS
requires assessment of the respiratory mechanics (as expressed by a
reduction in lung compliance and associated increased respiratory rate)
and pulmonary parenchymal dysfunction and failure (type I respiratory
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failure). The latter is usually gauged from the arterial oxygenation and
or the calculation of pulmonary shunt or the derived indirect indices
of shunt (PaO2/FiO2, Alveolar-arterial oxygen gradient [AaDO2]).
However, although the indirect indices of shunt are commonly used,
the latter does not reliably represent pulmonary shunt [61]. Probably a
more accurate indirect estimation of pulmonary shunt can be obtained
from the (linear) equation Qs/Qt (%) = 88.77- 48.96 (logPaO2/FiO2)
(PaO2 in Kpa) (Coetzee A, unpublished data).

A factor which perhaps complicates the clinical course of viral-
induced ARDS is related to patient’s breathing efforts [15]. Gattinoni
et al. postulated that progress from high to low compliance lungs
are due to the natural course of COVID-19. However, they could
not exclude the possibility that lung oedema was in part due to the
initial respiratory management of patients who presented with high
respiratory drives and vigorous inspiratory efforts. The latter resulted in
high negative intrathoracic pressures and the authors suggested that, in
addition to viral pneumonia, these patients are likely to follow a more
severe course due to, inter alia, a self-inflicted (S) (patient) lung injury
(P-SILI). This category should best respond to the timely application of
invasive mechanical ventilatory support in order to limit or prevent the
transition from Type L to H [5].

P-SILI has been demonstrated in an animal model of stimulated
hyperventilation and is now recognized as a contributory factor to
the spectrum of acute lung parenchymal injury [75]. In this regard,
Wolbach reported interesting autopsy findings in cases of the 1918
influenza pandemic. The author described the presence of air in the
subcutaneous area in the neck tissues and, in some cases, over the
entire trunk, head and extremities. He speculated at the time that the
acute interstitial emphysema resulted from the mechanical rupture of
some of the pulmonary alveoli which have become distended by acute
alveolar emphysema (a negative pressure volotrauma) [15]. Although
not recognized as P-SILI at the time, it is perhaps appropriate to
speculate that this was a likely contributory factor, since no patient
was ventilated. Underlying lung pathology in those cases revealed
alveolar emphysema with accompanying haemorrhagic exudate, in
some instance’s interstitial emphysema, and the formation of hyaline
membranes in the alveoli and the alveolar ducts. Early ‘virus’ associated
lung lesions consisted of injury (desquamation) to the epithelial cells of
the airways, alveolar ducts and the lining of the alveoli. At the same time
there was congestion of the blood vessels in these areas and presence of
red blood cells, fibrin and hyaline-like membranes in the alveolar spaces
were noted. In places, the alveolar spaces were markedly distended with
air, so that adjacent lung tissue was compressed. It was assumed that
the haemorrhage and hyaline material in some way acted as ball-valve
effect causing air trapping, alveolar over distention and air leaks. It is
speculated in some cases lung injury was caused by increased tidal
volumes as may have occurred during forceful spontaneous breathing
initiated by a high respiratory drive. This in turn, lead to lesions
that appear similar to the ventilator induced lung injury (VILI) later
observed in mechanically ventilated subjects [75]. This injury would
be similar to volutrauma, albeit the alveolar distention was caused by
negative pressure rather than positive pressure insufflation [76].

Although there are more sophisticated surrogate markers of
worsening ALI/ARDS in the clinical setting, excessive inspiratory effort
(reflecting the increased work of breathing due to the stiff lung), PaO2/
FiO2 (measured within the first 6 hours after hospital admission),
dyspnea or response to non-invasive breathing support (CPAP, heated
humidified high flow oxygen [HHHFO?2]) or non-invasive ventilation
(NIV), could be considered as markers of worsening respiratory
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distress or increased lung stiffness and the developing of ARDS 2 / Type
H [4,38- 40,77].

It appears that there may be windows of opportunity for selective
therapeutic and supportive interventions during disease progression.
Benefit may also depend on the severity and nature of the underlying
cause of respiratory dysfunction or failure.

ALI/ ARDS assisted with mechanical ventilation in adults

In the mechanically ventilated adult with ALI/ARDS, there are
now considerable experimental and clinical evidence showing that the
application of high levels of PEEP in the initial phases protects against
alveolar stress and support gas exchange by maintaining collapsed alveoli
open hence improving functional residual capacity and pulmonary
compliance [78]. However, in the presence of surfactant insufficiency,
the overall effects of PEEP on ability to recruit and maintain patency
of alveoli in ALI/ARDS patients are complex. The percentage of lung
which can be recruited, analysed with CT scans performed up to 45
cm H,O applied airway pressure, varied between patients [79]. In adult
patients with acute respiratory failure, non-invasive ventilation (NIV)
with positive-pressure delivered through a face mask, was as effective as
conventional ventilation in improving gas exchange and was associated
with fewer serious complications, shorter intensive care unit stay and
survival [80]. However, when considering the results, one need to take
cognisance of the fact that 10 of the initially non-invasive patients had
to be intubated and the shorter ventilation time and improved survival
could also indicate that the patients subjected to NIV was perhaps
less ill. Given the random allocation to both NIV and conventional
ventilation, one has to query the power of the results. The more sick
patients were moved from NIV to conventional ventilation i.e. already
an indication of bias.

Several studies reviewed or evaluated a role for NIV in patients with
hypoxemic respiratory failure [81-84]. Although one review reported
that benefit may only be possible in a few selected patients [82], the
evidence is accumulating to show that among patients with hypoxemic
respiratory failure or ARDS, use of NIV with various interfaces reduce
the risk of tracheal intubation and / or impacted on survival [81,83,84].
This suggests that the loss of alveolar stability is an important factor
in the progress of the pathophysiology inasmuch as NIV, and even
high-flow nasal oxygen (HFNO), allows the ability to supply PEEP
(directly and indirectly) and hence affect alveolar stability. This raises
the question whether NIV and HHFNO with additional surfactant
treatment should not be considered to stave off invasive ventilation and
its associated risks?

In this regard, is surfactant a potential adjunctive treatment that is
missing from the equation when NIV or CPAP are applied in patients
with ALI/ARDS? New techniques of surfactant administration in
combination with CPAP in adults may offer a manner to avoid invasive
mechanical ventilation. The combination of non-invasive breathing
support (CPAP) or humidified heated high-flow nasal canula oxygen
(HHHENCO,) and early surfactant treatment has been shown to be
effective in recruiting lung volume in surfactant deficient premature
newborn infants and in ventilated patients with ALI/ARDS, whereas
recruitment manoeuvres without surfactant resulted I poorer outcomes
[85]. A probable explanation is that, in the absence of PEEP/CPAP,
there is selective distribution of ventilation to alveoli already ventilated
and the collapsed alveoli not having the benefit of surface tension
stabilization associated with instilled surfactant [86]. The proposed
advantage is that either CPAP or PEEP recruits alveoli and, if surfactant
is then instilled, it will assist in maintaining the alveolar volume (in
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conjunction with the mechanical support of CPAP or PEEP). Similarly
to the non-invasive strategies followed in nRDS, adult ALI/ARDS could
perhaps be treated with NIV/CPAP in combination with early rescue
exogenous surfactant during the early phase of the disease. A recent
trial of exogenous surfactant treatment in a group of adult patients
diagnosed with direct or indirect ARDS, revealed improvement in the
oxygenation status and duration of ventilation in the group treated with
porcine derived surfactant when compared to controls [87]. Although
the quality of the study is uncertain and the trial methodology and
randomization difficult to extract from the publication, it appears
that the authors instilled surfactant according to the less invasive
management strategy already adopted by neonatologists (‘Intubation-
Surfactant-Extubation’ (InSurE) approach) [88]. Brief tracheal
intubation, followed by surfactant administration and then extubation
of preterm neonates with RDS, who are then stabilized on CPAP,
has revolutionized management and decreased mortality without
resulting in deterioration of other outcomes [89]. It may be worthwhile
considering following in the example of the neonatology practice in
adult patient with early ALI/ARDS.

Acute lung injury / ARDS is a complex clinical condition
and, although on a pathophysiological basis there initially was an
expectation that exogenous surfactant may assist in the management
of the ALI/ARDS patient, it was always somewhat optimistic to expect
that correcting one part of the pathophysiology, would necessarily
translate to improved survival. However, in terms of management, it
would be more appropriate to critically evaluate oxygenation and lung
compliance as focussed outcomes for a proposed strategy of using
exogenous surfactant in ALI/ARDS.

Despite the discouraging results reported in the use of surfactant
in ALI/ARDS, we agree with other researchers that the ‘surfactant in
ARDS’ concept should not yet be discounted since other surfactant
preparations and more efficient methods of delivery justifies the
ongoing interest [90]. Type II pneumocytes are surfactant-producing
alveolar epithelial cells and progenitor cells of both type I and type II
cells. Pulmonary surfactant is a complex of highly active phospholipids
(PLs) and proteins that cover the alveolar epithelial surface. Surfactant
is synthesized in the alveolar type-II cells, stored in the lamellar bodies,
and secreted in the alveolar space where it undergoes complex changes.
Surfactant not only affects surface tension at the air-liquid interface and
hence affects lung compliance; it also plays a critical role in the cyclic
reopening of collapsed alveoli and fluid movement in the airways and
alveoli during ventilation [56,57]. Seeger et al. [91] emphasized that
pulmonary shunt blood flow (perfusion of atelectatic regions) and
blood flow through lung areas with low ventilation-perfusion ratios
(partial closure of alveolar units or small airways), may be related
to acute impairment of the alveolar surfactant system in ARDS. It is
perhaps not the primary driver for the unstable alveoli but given the
loss of the type II pneumocytes, the decreased level of surfactant will
exacerbate the instability of the diseased alveoli.

Surfactant use in neonates and young children with
nRDS and /or ARDS

The major pathophysiology in nRDS is surfactant deficiency. If the
experience in treating nRDS is taken as the standard, then early selective
treatment in adults with exogenous surfactant, after stabilization on
some form of continuous positive airway pressure (CPAP), should
perhaps be reconsidered to improve short- and long term outcomes in
adults [92,93].
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In term infants and young children with severe direct acute
lung injury, as a consequence of meconium aspiration (MA) or
viral pneumonia, administration of exogenous mammalian-derived
surfactant resulted in improved oxygenation and marginal clearing
of opacities on the chest X-ray [94]. Several studies involving term
infants with meconium aspiration have collectively shown that
mammalian-derived surfactant treatment improved oxygenation and
lung mechanics, reduced incidence of pneumothoraxes, decreased
duration of mechanical ventilation and oxygen therapy, reduced time
of hospitalization and reduced the need for ECMO [95-97].

Surfactant therapy also has clinical benefits in young infants and
children one week to 2.5 years of age diagnosed with acute respiratory
failure from respiratory syncytial virus (RSV) bronchiolitis infection.
A recent meta-analysis of three studies, evaluating the use of
surfactant therapy in the management of bronchiolitis in critically ill
infants, concluded that surfactant had positive effects on the duration
of mechanical ventilation, time spent in the intensive care unit,
oxygenation and CO, elimination [98,99].

A multicentre randomized trial of calfactant in infants, children
and adolescents with ALI/ARDS (tracheal instillation of 2 doses of 80
mL/m? calfactant; 35 mg/mL of phospholipid suspension in saline),
reported improved oxygenation and a significantly reduction in
mortality across the age groups [91]. However, there was no significant
improvement in the course of respiratory failure measured by duration
of ventilator therapy, intensive care unit or hospital stay. Twenty six
percent of the enrolled patients were below 12 months of age. The trial
reported minimal adverse events associated with surfactant treatment
inter alia hypotension in 9% of the reported cases.

Surfactant and the adult population, with and without
ALI/ARDS

Although there are clear and important differences, the early course
of ALI/ARDS does share some features with neonatal respiratory
distress syndrome (nRDS) and neonatal ARDS (meconium aspiration).
The similarities mainly refer to the pathophysiology, ventilation,
diffusion, and perfusion and include surfactant insufficiency/deficiency,
lung inflammation and alveolar epithelial injury. It also includes
increased vascular permeability, heterogeneous alveolar atelectasis
and consolidated lung regions resulting in low ventilation to perfusion
lung units, lung oedema, and progressive deterioration in FRC. Finally,
the neonates and adults share a reduction in lung compliance and
pulmonary artery hypertension when they develop acute respiratory
distress [85,100,101].

The early and late abnormalities of the alveolar surfactant system
in the pathogenesis of ARDS in adults were reviewed by Seeger and
co-workers almost 30 years ago [91]. The composition and total
volume of lung surfactant in normal humans is constant between
the ages of 13 months and 80 years. It changes in lung disease states
[102]. Surfactant lipid is estimated to be at a concentration of 35-50
mg/ml. consisting of about 80% phosphatidylcholine. About 50% of the
surfactant phosphatidylcholine by weight consists of the disaturated
phospholipid dipalmitoylphosphatidylcholine (DPPC). Other PLs,
such as phosphatidylglycerol (PG), and phosphatidylinositol (PI),
as well as cholesterol (the major neutral lipid in surfactant), assists
with adsorption, spreading, and fluidity of the surfactant film [103].
In addition, surfactant contains different apoproteins, neutral lipids,
and carbohydrates. There is evidence that PG can suppress viral (RSV,
Influenza A) infection and inflammatory responses in the lung [104-
106]. PG and PI block recognition of activating ligands by the TLRs,
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either directly or via the TLR4 co-receptors CD14 and MD2 [106].
Whether a PG-containing surfactant will block CD14-mediated cellular
activation in patients early in the development of ARDS in general and
specifically due to SARS-CoV-2 infection, is unknown.

Rebello et al. reported that the adult human lung contains about
28 p mol/kg body weight Sat-PC, and approximately 2 umol/kg Sat-PC
(7%) in the alveolar wash. The authors calculated that this pool size of 2
pmol Sat-PC/kg is equivalent to approximately 4 mg/kg surfactant [102].
Moreover, by using estimates of Brown et al of alveolar surface area at
functional residual capacity (FRC), [107] and values for the molecular
area of saturated-PC at low surface tensions in vitro (according to
Watkins [108]), Pre and co-workers calculated a theoretical minimum
amount of saturated-PC required to form a monomolecular film over
the alveolar surface at FRC, is 2.97 mg/m? [109]. With this insight, the
alveolar pool size of surfactant in the adult human, based on five sub-
segmental lavages of volunteers, was estimated as a mean of 1.4 mg Sat-
PC/kg body weight, or about 3 mg surfactant/kg [109]. The suggested
dose per kg should therefore theoretically correlate with the amount
of surfactant required to cover the complete alveolar surface [109]. In
view of the encouraging results from early clinical trials of exogenous
surfactant therapy in acute lung injury [110], Rebello et al. concluded
that when one considers the relatively small adult alveolar surfactant
pool size (2 pmol Sat-PC/kg; 4 mg/kg body weight), that surfactant
doses used in certain clinical trials, were excessive since it significantly
exceeded the endogenous alveolar pool [102].

Since the initial report on ARDS by Ashbaugh et al. [60],
biochemical dysfunction and abnormal biophysical behaviour of
surfactant during the course of ARDS, have received continuous
attention [110-115]. Surfactant abnormalities have been described in
ARDS and changes in PL composition may last for weeks. Generally the
recorded abnormalities are low PI, low PG, and low plasma myoinositol
[111]. In ARDS, the main biochemical abnormalities of surfactant
include an 80% decrease in the total phospholipid content, decline in
the fractional content of DPPC and PG, large surfactant aggregates,
and loss of apoproteins (90% of surfactant protein (SP-A and SP-B))
[103,116,117].

This loss of alveolar surfactant is the result of several factors
including decreased release of surfactant by injured alveolar type 2
(AT2) cells and presence of alveolar plasma proteins secondary to
influx of protein-rich alveolar oedema fluid associated with increased
permeability of the alveolar-capillary membrane. Protein leakage into
the alveolar space precedes surfactant abnormalities in patients during
the course of post-traumatic ARDS [118]. Further loss of surfactant
is due to cleavage of phospholipids by serum phospholipases, damage
to surfactant compounds by inflaimmatory mediators (cytokines,
chemokines, and secretion of proteases, as well as concomitant collagen
synthesis), conversion to non-functional surfactant and incorporation
of surfactant phospholipids and apoproteins into polymerizing fibrin
when hyaline membranes are formed [91,119]. These fibrin-rich
exudates in the alveoli are caused by the alveolar-capillary damage and
are aggravated by inflammation related activation of blood coagulation
and inhibition of fibrinolysis [91,120]. Incorporation of surfactant in
fibrin-hyaline membranes results in intra-alveolar accumulation of clot
material [91].

Surfactant dysfunction occurs early after the onset of direct ARDS.
In one study, median time from diagnosis of ARDS to initial brocho-
alveolar lavage (BAL) was 12.1 + 1.3 hours and analysis of the BAL fluid
revealed significant alterations of the surfactant kinetics [121]. There
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was a 10-fold reduction in phospholipid-to protein ratio (indicating
leakage of proteins into alveolar spaces), a reduction in the amount
of large surfactant aggregates (LA), decreased PC and PG, increase
in the phosphatidylserine (PS), PI, phosphatidylethanolamine (PE),
sphingomyelin (SPH) and a significant loss of all surfactant proteins
(SPs). The hydrophobic surfactant proteins SP-B and SP-C, as well as
SP-A, but not SP-D, were reduced. Within the PC fraction of the multi-
lamellar aggregates (LA), a more than 50% reduction in DPPC was
observed when compared to values obtained from controls. This was
paralleled by a marked increase in unsaturated species of surfactant.
Inactivation of intra-alveolar surfactant includes increased conversion
of surface active large multi-lamellar aggregates (LA) to small aggregates
(SA) with poor surface activity.

As a consequence of the above surfactant changes, the surface
tension in the alveoli was increased. The abnormal lining of the
alveoli increases retractile forces (increased surface tension) lead to
fluid accumulation and protein leakage into alveoli and a decrease
in compliance of the lung [111,114,116]. Early alterations in the
composition of surfactant have also been described in patients at risk
to develop ARDS [114]. In patients at risk of ARDS, BAL revealed a
reduced surfactant pool because of decreased PLs. In patients at risk of
ARDS (within 13+10 hours of ventilation) there was a 2-fold increased
minimum surface tension (MST) and in patients with ARDS (within
87 + 9 hours of ventilation), a 4-fold increase in MST, when compared
to control patients. The “at risk” group was intubated, mechanically
ventilated, and had at least one underlying predisposing risk factor for
ARDS.

Interestingly, and perhaps in keeping with reports of a ‘new’
dissociative manifestation of certain COVID-19 ARDS cases [122],
data has shown the total surfactant pool in patients demonstrated
an increased level of lysophosphatidylcholine (LPC) in the at risk
ARDS group [114]. Type-II secretory phospholipase A2 (sPLA2-
II) plays a major role in the hydrolysis of surfactant phospholipids
and its expression is inhibited by surfactant [123]. We speculate that
this observation could be linked to the CT scan images and clinical
presentation of the atypical COVID-19 patients inasmuch as they
have relatively normal lung volumes and perhaps reasonably normal
lung compliance. The associated, and somewhat out of context severe
hypoxia which was noted, probably was the result of the defective
hypoxic vasoconstrictive response (and in principle this does not
primarily affects the lung volume and neither the lung compliance).

Niewoehner et al. [124] postulated that excess phospholipase
A2 (PLA2) activity may be responsible for the formation
lysophosphatidylcholine as a naturally occurring product of enzyme
activity. Moreover, many snake venoms act through diverse enzymatic
activities including phospholipase A2 activity, which catalyses the
hydrolysis of the two acyl groups in sn-3 phosphoglycerides. This led
Niewoehner and co-workers to investigate the direct effect of sPLA2
on the catabolism of pulmonary surfactant. In their experiments
they incubated calf-lung surfactant with sPLA2 from the venom of
the snake, Naja naja. This led to a marked decrease in the relative
amounts of phosphatidylcholine and a parallel increase in the level of
lyso-phoshatidylcholine. The authors then showed that intratracheal
administration of PLA2 to the lungs of guinea pigs induced acute
lung injury [124]. However, they concluded that extrapolation of their
experimental results could not be made to mammalian sPLA2-II
inasmuch as humans has less ability to hydrolyse the main surfactant
phospholipid dipalmitoyl phosphatidylcholine (DPPC).
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In experiments by Kakuta et al. it was demonstrated that artificial
surfactant, consisting of DPPC, unsaturated phosphatidyl-glycerol and
tripalmitin (65:25:10, w:w:w), enhanced ciliary beat frequency and
accelerated recovery by reversing epithelial injury caused by hydrogen
peroxide. In addition, the effect was DPPC dose dependent and ion
transport augmented the effect. The authors concluded that a likely
explanation for this phenomenon was that surfactant changes the
rheological properties of the periciliary fluid [125]. This is perhaps
another positive factor to consider when discussing surfactant therapy
in lung disease.

Surfactant alterations occurring early during the clinical course of
exudative DAD therefore ties in with the underlying pathophysiology
(Type 1 and 2 epithelial- and vascular endothelial injury) and
accompanying findings of increased interstitial, septal and intra-
alveolar fluid accumulation, formation of distal airway and alveolar
hyaline membranes, fibrin clots, atelectasis, and low ventilation to
perfusion alveolar units. The latter results in a decrease in arterial
oxygen tension. The loss in surfactant and functional residual capacity
(FRC) result in a progressive decrease of lung compliance, increased
work of breathing and ultimately, mechanical respiratory failure. The
capillary and arteriolar occlusions cause pulmonary dead space lesions
(being high ventilation to perfusion units) with an initial primary effect
on carbon dioxide homeostasis and minute volume. The associated
increase in dead space forces a further increase in minute ventilation
which will further increase dead space given the interaction between
the fixed anatomical dead space and decreased tidal volume associated
with a tachypnea.

An interesting question is whether exogenous surfactant could
be administered early during the course of developing ALI/ARDS in
order to mitigate the risk of developing P-SILI in patients? As ALI/
ARDS progresses, spontaneously breathing patients usually have a
high respiratory drive (and increased negative intrathoracic pressure
associated with the reduced compliance). This could perhaps lead to the
development of P-SILI.

Despite still many unanswered questions and even reported
drawbacks, some studies have shown functional benefits associated
with the use of surfactant in adult patients with various degrees of
ARDS [126].

Surfactant replacement in general

Surfactant is integral to viscoelastic properties of the lung. It lowers
surface tension and allows collapsed alveoli to open at lower inspiratory
(inflation) pressure and maintain alveolar dimensions once inflated. This
inter alia translates to the maintenance of an effective functional residual
capacity (FRC) which is paramount in the maintenance of arterial
oxygenation. Because of the surfactant deficiencies/insufficiencies and
airway obstructions due to fibrin-rich clots, especially in dependent or
lower regions of the lung, patients suffering from ALI /ARDS are not
able to adequately maintain their FRC [127].

Surfactant replacement in adults with ARDS has resulted in
a temporary improvement of gas exchange properties [117]. It is
therefore reasoned that there could be a role for exogenous surfactant
replacement treatment during the early phase (Type 1) of direct ALI/
ARDS, inter alia caused by viral pneumonia. Administration of
surfactant earlier in the course of the disease, when lung inflammation
is present, but before severe lung dysfunction occurs, may perhaps be of
value in the limiting the subsequent extent of the required management
of the lung dysfunction [128].
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A systematic review and meta-analyses of studies of exogenous
surfactant treatment in ARDS between 1996 and 2005 concluded that
exogenous surfactant may improve oxygenation but did not improve
mortality. Hence, the authors were of the opinion that exogenous
surfactant should be considered an effective adjunctive therapy in
ARDS [129]. However, a recent meta-analysis of 11 randomized
controlled trials, conducted between 1994 and 2015, found a lack
of benefit with regards to mortality and no improved oxygenation
in adult patients with ARDS who were treated with an exogenous
surfactant when compared to controls [130]. The interpretation of these
disappointing results was however hampered by several confounders
such as inhomogeneity (patient phenotype, co-morbid conditions) of
enrolled populations, diverse causes of ALI/ARDS, timing of initiating
treatment, administration of a variety of exogenous surfactants with
varying composition and viscosity, different doses and volumes, issues
with pre-dosing drug preparation and method of installation(slow
liquid bolus, positional tilting, aerosolisation), varying durations of
treatment, inexperience of units with the drug and a lack of lung volume
recruitment manoeuvres following treatment. Serious adverse events,
such as hypotension, hypoxia and bradycardia also occurred (Table
2). At least 8 trials included sepsis-related ALI/ARDS and only two
trials focussed on ‘direct’ ARDS [131-133]. The one study evaluating
a recombinant surfactant protein C-based surfactant was prematurely
terminated because of a lack of improvement in oxygenation, coupled
with the results of in vitro tests which revealed that the administered
suspension may have had insufficient surface activity to achieve clinical
benefit [132]. The calf lung surfactant study could be considered a
late rescue trial, since patients were randomized within 48 hours of
intubation. This trial reported no difference in outcome between
surfactant and placebo groups, and recorded transient hypoxia and
hypotension associated with surfactant instillation [132]. Patient post
hoc analyses suggest that the pathology with direct form of ALI/ARDS
may achieve survival benefit from intratracheal surfactant [134,135].
However, Wilson and colleagues failed to confirm an oxygenation or
survival benefit when surfactant was used in ARDS [133].

Post-hoc analyses of clinical trials of recombinant surfactant
protein-C (rSP-C) therapy in ALI/ARDS confirmed improved
oxygenation across the groups studied and a significant improvement
in survival in patients with pneumonia or aspiration induced ARDS
[134]. A 2006 overview on the potential role for surfactant suggested
that this approach warranted further study [128].

On a pathophysiological basis, there was an expectation that
exogenous surfactant may assist in the management of the ALI/ARDS
patient. However, it was somewhat optimistic to expect that correcting
a single portion of the pathophysiology, would translate into improved
survival outcome. A more correct approach would have been the
evaluation of compliance and oxygenation before and after surfactant.
As noted by Kesecioglu et al. [136], neonatal or paediatric patients who
suffers from acute respiratory distress, often die as a result of respiratory
failure whereas adults with ALI/ARDS mostly die as a result of multi-
organ and or right heart failure. Hence there was an expectation that
surfactant will be more effective treatment in paediatric patients
compared to adults when survival is the measured outcome. The
authors reported on the mortality of an international, multi-centre,
randomized trial of adult ALI/ARDS, resulting from a wide variation
of causes. A bolus of natural porcine surfactant HL 10 treated group,
compared to the usual care group, started to show a worse outcome
trajectory approximately 3 weeks after beginning of the trial. The
reason for the different patterns was unclear, but the authors speculated
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Table 2. Summary of surfactant trials performed in direct and indirect ALI/ARDS in adults of between 2000 and 2020

Study (Year) Delivery method

Surfactant Dosage . Trial / Population  Possible confounders Findings SAE
Reference or technique
1 mg of rSP-C per 50 . o er .
mg PL/kg BW) or 0.5 Mixed ALUARDS Disconnection; Tilting;  No §1gn benefits.
- . . No SP-B; ~ 30 hours No improved ST
Spragg (2003) rSP-C (Venticute) mg of 1SP-C per 50 Liquid bolus Tilted  Pilot study; RCT; diagnosis to treatment lowering function. Nil
[144] mg PL/kg BW, versus |Catheter trough ET | mixed (sepsis in ~ s . s ’

controls. 30%)

X 4 over 24 hours

Up to 3 additional

Spragg (2004) rSP-C doses at 4-hour

Liquid slow bolus

[135] (Venticute) intervals within a
period of 24 hrs
100 mg vials
3 g dispersed in 60 ml
HL 10 warm Saline: 50 mg/ml

Kesecioglu (2009) | Freeze-dried natural | after dispersion. Large liquid bolus;

Multi-centre RCT;
Various causes of
ALI/ARDS

Multi-centre RCT;
surfactant vs controls |saline required.

Decreased IL-6 levels
in surfactant group

Dosage and duration of
treatment

Improved
oxygenation, but
no improvement in
survival

Tilting; Several minutes
between positional
changes

4% surfactant group:
hypoxia, hypotension,
bradycardia

Diagnosis to treatment
delay (< 8 hours);
Dispersion in warm

No improved outcome
Post hoc: sign Transient
decrease in PaO2/FiO2 'hypoxaemia;

[136] poreine Dosage: max cum dose 2 aliquots / tlting / ‘mixed’ ALI/ARDS  Tilting; Disconnection  |ratio up to 4 hours hypotension
1-2% SP-B, C 600 mg (200 mg/kg/ .
. . from vent during after surfactant
dose), divided in 3 instillation
doses (0, 12, 36 hours)
RCT; surfactant vs Surfactant increased

Lu (2010) X 3 doses Large liquid controls. N=20; MV lung reaeration, but
[206] HL 10 - as above HL 10 delivered as bolus; recruitment | for ALI/ARDS (30% |As above failed to improve NR

above manoeuvre extra pulmonary oxygenation / gas

sepsis) exchange

Dry powder Multi-centre RCT:

reconstituted; 100 me/ Surfactant vs Resuspension, shearin, No clinical benefit to
Spragg (2011) rSP-C kg; Usual care plusup |, . . controls ‘Direct” ALI/ P > sheanng . P Transient hypoxia or

. Liquid bolus . step introduced with this  patients with direct . .
[132] (Venticute) to 8 doses of rSP-C ARDS (pneumonia, airway obstruction
. study ALI/ARDS
surfactant over 96 aspiration)
hours
Tilting; Large liquid .
R > No improved
Willson (2015) Calf lung wash 60 mg/ml PL Divided liquid Multl—centre RCT/ bqlus. . oxygenation Trial Transient hypoxaemia
[133] extract 30 mg/cm bolus /Tiltin Direct ALI/ARDS. | Diagnosis to treatment discontinued of HINT | Hypotension
1mg% SP-B, C 12-hrly X 3 & adults 18-85 years delay (< 48hr); Vent. o 1 P
R cases, only 19% died.
settings unchanged
Liquid bolus after i’;‘;’;zzgon

Pang (2017) Porcine-derived . brief intubation, . 2 . o
[88] (Curosurf®) 100 mg/kg, daily followed by Mixed AL/ARDS  NR duration in 02, less Infection (2%)

extubation and NIV

time on MV, fewer
complication (2%)

PL: phospholipid; SAE: serious adverse event; Vent: ventilator; init: initial; MV: mechanical ventilation; max: maximum; cum: cumulative; sign: significant; Tilting: refers to turning patient

on one side; NR: not recorded; ET: Endotracheal tube; ST: surface tension; O2: oxygen.

it could be related to factors other than the administered surfactant or
underlying ARDS [136].

Type of surfactant

Animal-derived surfactant preparations, containing various
amounts of specific hydrophobic proteins SP-B and C, are clearly
effective in preventing and treating nRDS in premature infants and
infants diagnosed with meconium aspiration. Exogenous surfactant
replacement has been successful in numerous trials involving neonatal
RDS, several smaller studies of neonatal ALI/ARDS caused by
meconium aspiration and in young infants with severe viral-induced
bronchiolitis [137-143]. In contrast, clinical trials in adults with ALI/
ARDS produced mixed and mostly disappointing results [91,141,144].

Perhaps one of the reasons for lower activity of surfactants in
treatment of ALI/ARDS is the inactivation of the instilled drug.
Researchers therefore shifted focus to the re-engineering of a synthetic
surfactant preparation uniquely able to resist the negative effects on
surfactant associated with leaked fibrinogen, haemoglobin and albumin
into the alveoli and acute inflammation and oxidative stress [145-148].
There is also limited evidence demonstrating that a surfactant with
synthetic, inhibition-resistant and anti-inflammatory characteristics will
perform better than products which does not have these characteristics.
The mammalian-derived formulations being an example of the latter

J Respir Dis Med, 2020 doi: 10.15761/JRDM.1000126

[145-148]. One such synthetic preparation (CHF 5633), containing
DPPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG),
surfactant protein B and C analogues, showed significant benefit when
compared to animal derived surfactant (Curosurf®) in an in vivo model
of surfactant inactivation in premature lambs [146].

The synthetic surfactant (Synsurf), evaluated by van Zyl et al.
[147,148] consists of DPPC and PG and a poly-L-lysine-poly-L-
glutamic acid construct. It is suggested that this formulation mimics
the SP-C /B structural and functional properties and therefore may
well promote its anti-inflammatory function and provide improved
resistance to inhibition. This expectation was recently confirmed in a
study by Van Rensburg et al. [149]. The authors employed proteomics
to compare the potential immune modulatory properties of two
natural surfactants with the synthetic surfactant Synsurf® on the pro-
inflammatory cytokines TNF-a, IL-1B, IL-6, the oxidative burst
and protein expression in lipopolysaccharide stimulated alveolar
macrophages. The study demonstrated that surfactant cause a decrease
in secretion of the pro-inflammatory cytokines, TNF-a, IL-1f, and
IL-6 in a dose dependent manner. Moreover, the surfactants inhibited
the oxidative burst of stimulated alveolar macrophages by decreasing
reactive oxygen species (ROS) production. In addition, the synthetic
surfactant Synsurf®, up regulated Peroxiredoxin-1 (Prx1), a family
of antioxidant proteins which protects the cell from metabolically
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produced ROS that usually trigger toxic mechanisms within cells.
The authors hypothesised that this up regulation of Prxl ultimately
contributed to the modulation of redox-sensitive cellular behaviours
whenever the signal for oxidative damage is exacerbated or continues.
They also speculated that Prxl perhaps inhibit NO production by
suppressing the ROS/NF-kB/iNOS (NOS2) signalling pathway. The
latter may ultimately aid in the decrease in cytokine production
associated with Synsurf®-exposed stimulated macrophages via blocking
the induction of NF-«B transcription. In addition, upregulated Coiled-
coil domain protein 22 (CCD22), found in the Synsurf® exposed
alveolar macrophages, also contributed to the proteasomal degradation
of NF-xB, which will further add to the modulation of the JAK/STAT
pathway and eventually have an effect on the pro-inflammatory cytokine
production. The same study also found that Trx1, an oxidative stress-
limiting protein, was up regulated within the Synsurf® group, this being
one of the important cellular antioxidants with anti-inflammatory and
anti-apoptotic properties [149]. Differentiation of macrophage into M2
phenotypes was promoted by reducing inflammatory M1 macrophages
which leads to a dose dependant decrease in TNFa and IL 1f expression.
All of the preceding, taken together would suggest that Synsurf®,a
versatile mediator of inflammation, could be a possible candidate for
the treatment of pulmonary inflammatory disorders besides acting as a
surface tension stabilizer agent in alveoli [149].

Recently, Ahlstrom et al. studied acute respiratory distress
syndrome (ARDS) in the adult rabbit model [150]. Surfactant, based
on a recombinant surfactant protein C analogue (rSP-C33Leu), was
instilled and its effects on lung function and inflammation compared
to a commercial surfactant (Curosurf) and air as control. SP-C33Leu
contains a poly-leucyl transmembrane a-helix, a positively charged
residue in the N-terminal part of the helix to avoid oligomerization and,
in addition, a methionine residue was replaced with leucine to avoid in
advertent oxidation. The animals were treated with two intratracheal
boluses of 2.5ml/kg of 2% rSP-C33Leu in DPPC/egg PC/POPG,
50:40:10 or poractant alfa (Curosurf). Both surfactants contain 80 mg
phospholipids/ml. Animals were subsequently ventilated (VT 8-9m/
kg body weight) for an additional 3 hours and lung function parameters
recorded. Histology of the lungs, degree of lung oedema and levels of the
cytokines TNFa IL-6 and IL-8 in lung homogenates was evaluated. Both
surfactant preparations improved lung function, reduced inflammation
scores production of pro-inflammatory cytokines and formation of
lung oedema. Poractant alfa improved compliance at 1h, PaO,/FiO,
ratio and PaO, at 1.5h compared to rSP-C33Leu surfactant. The authors
concluded that results indicated that treatment of experimental ARDS
with synthetic lung surfactant, based on rSP-C33 Leu, improved lung
function and attenuates inflammation.

Phospholipase A2 and C show increased activity in the
bronchoalveolar lavages of patients with ARDS. It is therefore
reasoned that a surfactant supplemented with DL-alpha-Di-O-
hexadecylphosphonocholine [(R)(S)-DEPN-8], which is not a substrate
for PLA1, A2 or D, but a substrate for PLC, could be incorporated as
component to a surfactant formulation for treatment of ARDS [151].
(R)(S)-DEPN-8 undergoes less PLC-catalysing as compared to DPPC.
Synthetic surfactants containing DEPN-8 or other phospholipase
resistant lipids plus active SP-B peptides, in theory, may have particular
utility in treating ALI/ARDS. New synthetic surfactants can also
potentially be bioengineered to include novel peptide components
incorporating the most active regions of other human surfactant
apoproteins in combination with SP-B peptides and lipids [146].

Timing of surfactant administration
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In ALI/ARDS Schmidt et al. [121] found a significant correlation
between the PaO,/FiO, ratio and minimum surface tension of the
alveoli when SP-C and DPPC were administered to intubated patients
(average time from diagnosis of ARDS to initial BAL was 21+2 hours).
Although there was an initial improvement in surfactant function over
time, compositional surfactant abnormalities and poorer surface tension
reducing ability persisted for 7-9 days following ventilation. The authors
correctly questioned the use of a single administration of surfactant given
that the lung abnormalities lasted for a considerable time.

When temporal changes in pulmonary surfactant function
and composition in ALI/ARDS, due to pneumonia or aspiration,
are considered, exogenous surfactant may have to be administered
according to an ‘early rescu€’ strategy and perhaps continued thereafter.
Considering such an approach would ensure early and continuous
treatment of patients at risk for developing serious ARDS. However this
approach may well result in the unnecessary treatment of patients and
the concept needs further examination and prospective evaluation. In
newborn infants, with secondary surfactant deficiency or dysfunction
related to meconium aspiration or pneumonia, two RCTs reported
benefits of surfactant replacement therapy. One studied infants
requiring 100% oxygen with an oxygenation index (OI= product of
mean airway pressure (cm H,0)), FiO, and 100/PaO, (mm Hg) greater
than 15 [96], and the other studied infants requiring more than 50%
oxygen with an arterial/alveolar O, tension ratio of less than 0.22 [95].
Point being that in both these studies the advantage of treatment with
surfactant was evident if used early in the disease.

However, in more recent adult trials, there was a delay between
onset of mechanical ventilation and initiation of a single dose treatment
with surfactant. In one trial, porcine-derived surfactant (HL 10) was
administered at a median of 35.4 hours (range: 2.4 - 74 hours) [136].
In patients (12 and 85 years of age) with severe direct lung injury due
to pneumonia or aspiration, a single dose exogenous recombinant
surfactant protein C (rSP-C)-based surfactant was administered when
the PaO, /FiO, ratio was below 170. In the surfactant treatment group
this level was reached around 100 hours after being hospitalized and 37
hours from intubation [127]. None of these studies showed a significant
functional improvement or better outcome. In patients diagnosed with
ARDS after cardiac surgery, bronchoscope directed bovine derived
surfactant (a twice daily dose) was administered ‘within 24h™ of the
start of ARDS (oxygenation index below 200 mm Hg) [152]. This
study showed improved oxygenation and survival when compared
to controls. In the calfactant ARDS (CARDS) trial, surfactant was
administered within 48 hours of initiation of mechanical ventilation if
the SpO,/FiO, was less than 250 (when SpO, < 97%) [133]. The results
were disappointing inasmuch as it did not show an improvement in
oxygenation or survival.

With regards to the question of what is implied by “early” treatment,
the Berlin criteria is probably not of value as it defines the condition (for
ARDS) already being present. However, if the “mild” form of ARDS or
even ALIis viewed as perhaps being early, it could signal the time to start
continuous exogenous surfactant treatment. Although not the purpose
of this overview, the use of biologic predictors, in addition to clinical
markers (P/F ratios, chest X rays CT scan, level of PEEP, etc.), may have
the capacity to improve prediction of outcome and risk stratification.
Some studies suggest that plasma biomarkers, such as interleukin-8 (IL-
8), tumor necrosis factor alpha (TNFa), surfactant protein-D (SPD),
and mitochondrial DNA, advanced glycation end products (SRAGE)
as a marker of lung, epithelial injury, plasma levels of tumor necrosis
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factor receptor-1 (TNFR1), IL-6, and plasminogen activator inhibitor-1
(PAI1) as markers of a hyperinflammatory ARDS sub-phenotype, may
assist in identifying patients at risk of developing severe disease [153].
Whether these markers would assist to timeously identify candidates
with mild ARDS for early rescue surfactant treatment, is not known
and, in our view, is worth pursuing as a concept.

Duration of surfactant treatment

The median (IQR) duration of surfactant treatment in adult
patients with ARDS (11 randomized trials) conducted between 1994
and 2010, was 36 (24-96) hours [130]. Two trials extended treatment
up to 5 days. In the very early studies, aerosolized, synthetic protein-
free surfactant (Exosurf’), was administered (without any effect) on 10
and 28-30-day mortality [130]. Gregory et al. [153] studied 4 different
groups of patients, with diverse causes for their ARDS. Treatment was
given within 48 hours of diagnosis. Patients were treated with bovine
surfactant for up to 96 hours. Significantly lower FiO, at 120 hours and
a significant decreased risk of death for the 100 mg/kg x 4 doses groups
were reported when data was compared to that obtained from standard
therapy without surfactant.

Spragg et al. found that the frequency of surfactant administration
is likely to be an important variable after their study with recombinant
surfactant protein-C. The increased fractional content of PG and
increased levels of SP-C detectable in BAL obtained at 48 hours, but not
at 120 hours after the initial administration, lead them to conclude that
it may be beneficial to administer surfactant over periods longer than
24 hours, perhaps 120 hours or more [144]. Considering the aforesaid,
and the findings of Schmidt et al. [121], it seems reasonable to speculate
that the duration of treatment with exogenous surfactant, i.e. multiple
dosing (in combination with less injurious lung ventilation strategies),
must be extended beyond the first 5 days of the disease in order to
(perhaps) effectively influence surfactant composition and alveolar
surface tension behaviour.

Determining the optimal dose and volume of exogenous
surfactant for ALI/ARDS

The optimal dose, the interval between diagnosis and treatment,
number of doses, duration of treatment with therapeutic surfactant for
adult ALI/ARDS, has not yet been clarified. In a group with diverse
causes underlying ARDS, Gregory et al. [153] found that the volume
of bovine-derived surfactant (4 ml/kg, eight times to a 70 kg patient)
instilled into trachea, was generally well tolerated. The most common
side effect was reflux of the surfactant into the endotracheal tube,
which occurred most often in the 50 mg x 8 group and least often in
the 100 mg x 4 group. In this study, the instilled volumes of surfactant,
at 100 mg/kg (4 ml/kg), to a 70-kg patient, would have amounted to a
single dose of 280 ml of liquid surfactant. Subsequently, a controlled
trial with calfactant in adult patients, with direct ARDS, reported no
clinical benefits, including no improvement in oxygenation [107]. In
this unsuccessful trial, surfactant was administered as a low volume-
concentrated dose (60 mg/ml, approximately 1.3 ml/kg) [154]. This
volumetric dose was approximately 32% of the volume used in the
Gregory et al. trial [153]. Another unsuccessful controlled trial of
surfactant therapy in adults with ARDS by Spragg et al. [132] used
concentrated low-volume doses (1 ml/kg) of instilled recombinant
surfactant protein C-based surfactant (Venticute).

Considering the disappointing trials with surfactant in adults and
the much larger conducting airway surface of the adult lung, the question
must be asked if the instilled surfactant mixtures, used in these trials,
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were of sufficient volumes. Perhaps the surfactant failed to reach the
majority alveoli/acini [154,155]. 3D modelling of the airway transport
of intratracheal surfactant revealed that the instilled volumetric dose is
a critical independent parameter to achieve sufficient distribution of the
drug [155]. This study found that, in contrast to the neonatal lung, the adult
lung did not behave as a ‘well-mixed’ compartment and consequently the
lower volumetric doses of surfactant only coated the airways, rather than
reaching the alveoli. Furthermore, it was speculated that lower volume -
higher surfactant concentration, may have increased viscosity at low shear
rates, further adversely affecting distal delivery.

Grotberg et al. [154] suggested that coating of the conducting
airways significantly reduces the amount of instilled surfactant arriving
at the alveoli (labelled as the “coating cost”). This suggests that the
instilled dose volumes must be well above the coating cost in order to
ensure delivery to the alveoli. Furthermore, the delivery efficiency of
surfactant may decrease if the ventilator airflow rate increases.

Bronchoscopy instilled bovine surfactant, at much larger
volumetric-concentrated doses, to 27 cases of septic patients with early
ARDS, resulted in pronounced and significant pre to post treatment
improvements in gas exchange within 12 hours (increased PaO,/FiO,
ratio by approximately 93%) as well as improvement in the biochemical
composition and surface tension lowering properties of surfactant
isolates [156,157]. This trial instilled surfactant at an initial dose of 300
mg/kg body weight (mean total volume 378 mL or at approximately 5 - 6
ml/kg ~60 - 66 mg/ml PLs) to a 70 kg patient. Portions of the total dose
were delivered to each segment of the lungs via flexible bronchoscope
within approximately 45 min. In 7 of the patients, in whom gas
exchange again deteriorated, a second surfactant dose of 200 mg/kg (~3
ml/kg) was administered 18-24 hours after the first application, again
improving arterial oxygenation within 1 hour by approximately 30%.
The authors reported that the total amount of administered surfactant
material (300 - 500 mg/kg) surpassed the endogenous surfactant
pool. When considering the higher volumetric, concentrated or less
concentrated, doses of surfactant used in selective trials and the 3D
modelling, it is predicted that the adult patient may require a higher
volumetric dose to coat the large conducting airways and reach the
alveoli [154]. One can speculate that if liquid boluses of mammalian-
derived surfactant are administered, the volumetric dosage should not
be less than 60 - 66 mg/ml PLs, i.e. no less than 3 - 5 ml/kg or 200 - 500
mg/kg body weight [154,155,157-160]. From the above data it seems
that if the tracheal installation approach is followed, the practitioner
must figure in the coating cost i.e. use larger volumes. If the surfactant
is going to be delivered by fibre optic bronchoscope into the lobar or
segmental bronchi, smaller doses may well suffice.

In the study where surfactant (bovine (calf lung) extract, 3 - 5 ml/
kg (approximately 70 kg patients) was delivered via bronchoscopy into
patients with severe ARDS, it was found that in approximately 26%
of cases, the initial improvement in gas exchange was lost over time
and retreatment with a second dose of surfactant was necessary within
18 - 24 hours. For healthy adult rabbits, the alveolar turnover time of
PC has been reported to range between 5-10 ml/hour [17] and after
intratracheal injection of labelled surfactant material, the overall loss
from the airspaces and the lung reached 90% and 70%, respectively,
after 24 hours [161]. The difficulty is to transpose the much faster rate
of small animal metabolism to adult humans but it seems reasonable to
assume that most of the applied surfactant material was cleared from the
lung within the first day after treatment. It can perhaps be speculated
that some of this material may re-enter the alveolar compartment due
to recycling via type-II cells.
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This experimental, and some of the clinical data, would suggest
that the correct and repeated dosing may well be of value in adult
ALI/ARDS. Not doing so could perhaps explain some of the reported
unsuccessful results to date.

Side effects and delivery technique

Studies on bolus liquid surfactant administration, as used in infants
and children, have not shown significant adverse long-term effects.
Liquid bolus surfactant instillation of intubated and ventilated adult
cases with ALI/ARDS has been examined in trials. Transient hypoxia
and some hemodynamic instability (hypotension) were reported at
the time of intratracheal or bronchoscopic instillation of surfactant in
adults [85].

The question is whether (repeated) bronchoscopically directed
surfactant instillation is perhaps the preferred method of surfactant
installation. ~ Flexible bronchoscopically-directed instillation of
surfactant allows deposition of the drug in close approximation of the
alveoli. If this approach is combined with lung recruitment manoeuvres
during and immediately after surfactant delivery, it may well lead to
more homogeneous distribution within the lungs and result in a
superior clinical response. The recruitment of alveoli can be achieved by
intermittent sustained inspiratory positive airway pressure hold and the
recruited alveolar volume can be maintained by proper PEEP titration.
Although appropriate PEEP will also recruit alveoli over time, it may
take too long given that the aim is to be able to deliver the surfactant
into “open” alveoli. The surfactant will, in theory, add alveolar stability
over and above the mechanical effect of PEEP [162-164].

There seems to be general support for the methods of surfactant
delivery via a bronchoscope [165]. There are 13 reports describing
bronchoscopic administration of surfactant to 88 human patients
with ARDS (Table 3). The majority of these unfortunately were
uncontrolled case series. The studies reported either partial or complete
improvements in atelectasis, gas exchange or / and restoration of
surfactant properties, lower MV settings or successful termination of
mechanical ventilation. Where outcome was reported, 80% of cases
survived. The study by Gunther et al. [156] overshadows the smaller
case series reports and showed that large doses of natural bovine
surfactant almost fully restored biochemical properties and resulted in
much improved biophysical surfactant function.

Bronchoscopy directed surfactant treatment however, requires
skilled medical staff and is relatively labour intensive. The procedure is
generally well-tolerated and performed within approximately 1.5 hours.
The studies report minimal or transient adverse events. It appears that
higher doses may have to be used to overcome inhibitory substances
in the alveolar space, as was shown in animal models [166]. The more
recent adult calfactant, randomized, controlled trial reported a lack
of improved oxygenation or longer-term benefits relative to placebo
[133]. Surfactant instillation was associated with significant but
transient adverse effects, primarily hypoxia and hypotension, leading
the investigators to state that further studies of exogenous surfactant
administration should consider using recruitment manoeuvres during
instillation and that exogenous surfactant cannot be recommended for
routine clinical use in ARDS.

Aerosol surfactant administration

If effective surfactant delivery via aerosolization can be perfected, it
may avoid the transient hypoxia, hypertension, and partial endotracheal
tube obstruction associated with bronchoscopy directed surfactant
instillation.
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Nebulisers convert solutions and suspensions into small droplets.
The advantage of using nebulisers includes their ability to aerosolise
high doses of drugs that are not available with dry powder inhalers
(DPIs) or pressurised metered dose inhalers (pMDIs). Efficiency of
drugs delivered to the lung is significantly affected by particle size.
Large particles (5 - 10 um) tend to deposit mainly in the upper airway
(trachea and primary bronchus) by means of impaction associated
with turbulent and high air flow velocity commonly found in with
aerosol delivery. This limits the amount of drugs that can be delivered
to the alveoli. Small particles (< 2 um) deposit mainly in the alveolar
region, whereas the particle size range 1 - 5 pm deposit primarily in
the bronchus and bronchioles [167]. Particle smaller than 0.5 pm is
expected to be expelled upon exhalation. The latest guidelines for
aerosol therapies recommend slow inhalations (< 30 L/min flow)
and are based on evidence gathered from pMDIs studies [168]. Most
nebulizers available produce a mass median aerosol diameter of 6 um
or less, suggesting that the devices will allow for delivering aerosolized
drugs to the lung segments according to air flow distribution [167]. In
the periphery of the lung, airflow rate is reduced and particles deposit
predominantly by sedimentation, with gravity causing them to “rain
out” and deposit itself on the available surface [167,168].

Newer-generation vibrating mesh nebulisers have been designed
specifically for use during mechanical ventilation and have now also
become the first choice for nebulized pharmaceutical drug delivery
[168,169]. Vibrating mesh devices seem to have advantages over
other nebuliser systems and are being developed for other uses, such
as the delivery of vaccines and nebulising liposomal formulations
and proteins [168]. However, vibrating mesh devices may result in
variable dose output related to the viscosity of surfactant. Studies
with nebulized surfactants have reported clogging of the pores of the
vibrating membrane of the nebulizer, requiring surfactant dilution
before nebulization [170].

Aerosol delivery would be ideal in terms of ensuring uniform
alveolar distribution of lung surfactants. This method can avoid
potential complications associated with repositioning patients from
side to side during bolus instillation of lung surfactants, particularly
in a patient population with direct and homogeneous lung injury. As
mentioned earlier, the greatest advantage of aerosol delivery is that an
aerosol could be delivered with, for instance, a CPAP mask or in other
forms of non-invasive breathing support.

However, aerosol delivery has limitations. It provides surfactant
only to areas of the lung which are actively participating in ventilation.
Hence in a heterogeneous lung injury (such as the histology of ALI/
ARDS shows, see Figure 2), the areas of the lung that do not actively
participate in ventilation, are the alveoli which probably are most
deprived of surfactant and therefore, in theory, should benefit most from
the surfactant delivery [85,146,171,172]. Secondly, aerosol delivery of
drugs is, in general, mostly suitable for inexpensive medications. The
relative amount of surfactant that will actually be deposited in the lung
after aerosolisation is likely in the 5 - 15% range [131]. Thus, to provide
a clinically effective dose, much more material is required compared to
bolus instillation. This cost factor would be less of concern if the drugs
were cheap [173].

In the early Exosurf (synthetic protein-free surfactant) trial,
surfactant was delivered by continuous aerosolisation. Only 4.5% of
aerosolized radiolabelled surfactant reached the alveoli. Thus, < 5 pg
of 102 pg of aerosolized DPPC/kg/day reached the alveoli in this study
[131].
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Table 3. Human studies of bronchoscopically instilled exogenous surfactant

First author (year)

Number of

Procedure duration: 25-40min

Reference Study design patients (n) Patient type Disease Process and Surfactant Outcomes
All survived.
Prior suctioning of airways Temporary improved
Satoh (1998) [207]  Controlled 6 Adult Burn patients with ARDS | Alveofact (50-100 mg/kg BW oxygenation and
Repeated 24-hrly if needed compliance
Repeated dosages required
Following single lobe BAL, Transient 1mproved £as
orcine-derived (4 g in 50 ml; 50-60 exchange, without changes
Spragg (1994) [87] | Crossover 6 Adult ARDS p L : in CXR or markers of lung
mg/kg BW) in aliquots to each lobar . . o
. inflammation. Four (66%)
bronchi .
survived
Prior single segment lavage; Improved oxygenation
. Alveofact® (300 mg/kg; 313 ml decreased shunt flow.
E?;’;;r]m‘ath (1996) Uncontrolled 10 Adult 11\%/[1;].1):5 ;81‘3 Sepsis Saline); Retreatment in 50% after
: ° Segmental instillation; 18-24 hr
Duration: 50+12min 50% survived.

. . . Independent ventilation of both .
Hobheisel (1997) Case report 1 Adult Seps1s/ARDS, persistent lungs; selective Alveofact” (1 gram) ‘Impr(')ved oxygenation and
[208] atelectasis imaging

to left lung
Transient improved
PaCO2, FiO2 and shunt
Staudinger (1997) . M fraction.
[209] Case report 1 Adult ARDS (near-drowning) Curosurf™ (50 mg/kg) to each lung Repeat treatment (X6: 300
mg/kg total) required.
Patient died due to sepsis
Pacdiatrics (n=1) and Segmental instillation of Survanta®
Violi (1997) [210] | Case series 3 _ ARDS (4 ml/kg). No complications
Adult (n=3) fone ;
Procedure duration: 20 min
Temporary improved gas
After limits of MV reached, saline :i(lghér)l(glz 3}:1:;::511“66
Pallua (1998) [211] | Descriptive 4 Adult Burn patients with ARDS  lavage, followed by intrabronchial . .
L . One required retreatment
instilled Alveofact® (50-152 mg/kg) x2)
All survived
Bronchopulmonary segmental
lavage (19 segments) with dilute In the 96 hrs after
synthetic surfactant (KL4), followed |treatment, improved
by suctioning. oxygenation and PEEP
Wiswell (1999) [212] Uncontrolled 12 Adult Variety cause-ARDS Groups received 82-114 mg/kg levels
surfactant, diluted in 1710 ml. No serious adverse events.
Procedure duration: averaged 12 | Nine (75%) survived.
hrs.
Maintenance of PEEP>24hrs
Survanta®, 140 mg/kg (64 ml), Improved oxygenation and
Ezl;mura (2001) Case report 1 Paediatric ARDS (Herpes virus 6) instilled into 4 main bronchi; lower MV settings.
duration ~ 30 min Patient died
Large amount of surfactant
Segmental instillation (Alveofact®, |restored PL profile, LA
300-500 mg/kg BW; ~378 ml fraction and SP-B and
Gunther (2002) [156] | Controlled 27 Adult ARDS and septic shock saline). Procedure duration: SP-C content and improved
45+11min. ST properties.
Retreatment allowed after 18-24 hrs | Improved PaO,/FiO, in
majority; retreatment in 7%
Compared to controls,
. . Alveofact® instilled into involved 1mpr0Yed oxygenation and
Tsangaris (2007) . Multiple trauma, lung compliance.
Randomized 16 Adult . lung areas; each segmental bronchus .
[164] contusion and ARDS . Better response with
received (200/19) mg/kg BW. .
recruitment manoeuvre.
All survived
Improved oxygenation,
Persistent lobar atelectasis | Suctioning, followed by diluted respiratory rate and partial
Krause (2008) [213] | Uncontrolled 5 Paediatric (ARDS, CF, CDH, hemi- | (5-10 mg/ml) Curosurf™ (120-240 |or complete resolution of
Fontan circulation) mg) into affected segments atelectasis.
All extubated < 24hrs
Suctioning followed by segmental  Resolution of atelectasis <
BAL with diluted (20 ml) 8 hrs in 65%.
Krause (2014) [214] | Case series 4 Paediatric ARDS du'e to RSV- Curosurf™ (6 mg/ml) and rhDNase Restoration of gas
pneumonia .
(1.25 mg). exchange and compliance.

All survived

Alveofact®: Bovine-derived surfactant (Thomae, Biberach/Germany); Curosurf™: Porcine-derived surfactant (Chiesi Pharmaceutici, Parma, Italy); KL4; Discovery Laboratories,
Doylestown, PA); Survanta®: Bovine-derived surfactant (Ross, Columbus, OH); MOF: multi-organ failure; CXR: Chest x-ray; BAL: Broncho-alveolar lavage; BW: Body weight; MV:
Mechanical ventilation; PL: Phospholipid; LA: Large aggregate; ST: Surface tension; CF: Cystic fibrosis; CDH: Congenital diaphragmatic hernia; RSV: Respiratory syncytial virus.
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In a sheep model with non-uniform lung injury, induced with HCI,
Lewis et al. [174] demonstrated superiority in both oxygenation and
ventilatory parameters in animals treated with aerosolized surfactant
administration by low-flow nebulizer when compared to surfactant
(Survanta’) instilled via the trachea. Very little (8%) of the aerosolized
surfactant was deposited in the more severely affected portions of the
lung, presumably reflecting poor ventilation of these areas. The majority
of the surfactant was recovered from the rest of the lung.

Recently, Bianco et al. [170] investigated the feasibility of delivering
nebulized, undiluted porcine-derived surfactant (poractant alfa) in
vitro and in vivo (spontaneously breathing rabbits with respiratory
distress) with an adapted, neonate tailored aerosol delivery strategy
(aerosols generated by a customized eFlow-Neos vibrating-membrane
nebulizer system). In this study, nebulized surfactant was delivered at
doses of 200 mg/kg and 400 mg/kg. The effect on respiratory mechanics
and arterial oxygenation in the 400 mg/kg group were similar as for the
200 mg/kg group and these were significantly better than that obtained
in the control group (no surfactant).

Synthetic surfactants, 3% Super Mini-B peptide (SMB surfactant),
a highly surface active SP-B clone , and a combination of 1.5% SMB
and 1.5% of the SP-C mimic SP-Css ion-lock 1 (BC surfactant), with a
synthetic lipid mixture (DPPC:POPC:POPG 5:3:2 weight ratio) were
administered via a vibrating membrane nebulizer to saline-lavaged
surfactant-deficient rabbits who were supported by either nasal CPAP
or mechanical ventilation (MV) [175]. Particle size of the surfactant
aerosol was within the 1-3 pm range and surfactant activity was not
affected by aerosolisation. At a dose equivalent to clinical surfactant
therapy in premature infants (100 mg/kg), aerosol delivery of both
synthetic surfactant preparations led to a rapid and clinically relevant
improvement in oxygenation and lung compliance in the rabbits,
more so in rabbits supported by mechanical ventilation. Lung delivery
of surfactant aerosol via nCPAP was less efficient than intratracheal
aerosol delivery because of the retention of nebulized surfactant by
the circuit and loss during its passage through the nasopharynx and
upper airways. The authors suggested that increasing the lung delivery
dose can be achieved by using a higher surfactant dose, and/or longer
delivery times of surfactant aerosol or by decreasing the viscosity by
dilution with saline or water. These suggestions require further testing.

In an in vitro study, the biophysical properties of particles of
the synthetic surfactant Synsurf®, was investigated with the use
of an Aeroneb®Pro vibrating mesh nebuliser. Particle generated
during nebulisation of different Synsurf® formulations was below
the recommended range of 1000 d.nm-3000 d.nm, suggestive for
optimal peripheral lung deposition (Z-average particle size expressed
as diameter in nanometers). Research again established that the
biophysical properties such as the size and density, determined the
deposition efficiency of the surfactant [176].

Viscous material/bolus surfactant

Studies on the biophysics of the respiratory cycle show that the
reduction in surface tension (y) at any point on the air-liquid interface
is proportional to surfactant monolayer density [100,177]. With the aid
of computational models of alveolar forces and lung architecture, it was
shown, with molecular dynamic simulation studies, that the microscale
fluid-mechanical forces in the recruitment and de-recruitment of small
airways and alveoli, involves complex interactions between surface
tension forces, surfactant transport, fluid flow and the solid mechanics
of the compliant airway. This complex interaction makes studying
surfactant transport challenging, - more so with time-dependent flow
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and or with flexible airway walls.

Simulations of steady reopening in rigid [178] and compliant
[179,180] domains suggest that the slow adsorption rate of pulmonary
surfactant may, in some cases, increase the pressure required to reopen
an airway when compared to constant surface tension at the equilibrium
value. This occurs because variations in surface tension along the
interface result in tangential Marangoni stresses which rigidify the
interface [181]. In order to side-step the limitations of slow surfactant
adsorption, Smith et al. modelled the occluded airway as a liquid-filled
rigid tube with the fluid phase displaced by a finger of air. With the aid
of computational analysis techniques applied to surfactant free velocity
fields, they proposed adding a sinusoidal component to the driving
flow (technique and technology of administering surfactant) so that the
bubble retracts periodically instead of it progressing steadily forward
[177,182-184]. This in vitro experimental approach studied surfactant
distribution from the bulk phase across the air-liquid interface. It
demonstrated a 50% improvement in surfactant function [185]. These
findings suggest that ventilation waveforms could be designed to
maximize the efficacy of pulmonary surfactant and thereby minimise
the risk of VILI [186].

Less invasive surfactant instillation

This concept originated from neonatal respiratory medicine and is
referred to as minimal invasive surfactant treatment [187].

In a small case controlled study, probably the first in adults with
diverse causes of ALI/ARDS, patients were treated according to a
strategy of ‘less invasive surfactant administration’ (LISA) utilizing a
technique of surfactant instillation similar to the INSURE (INtubation-
SURfactant-Extubation) strategy, already popularized in premature
infants with nRDS [187]. Patients in the control group were treated with
conventional mechanical ventilation while those in the observation
group were given porcine-derived surfactant (Curosurf) as a daily dose
of 100 mg/kg. Although it is not clearly stated, it appears that the authors
intubated the surfactant group, administered surfactant, and then after
a short period of ventilation (3-5 minutes), extubated the treatment
group and continued with CPAP, very similar to the INSURE strategy.
Compared to the control group, the treated group performed better in
terms of gas exchange and time spent on mechanical ventilation.

Alternatively, a laryngeal mask, instead of an endotracheal tube,
could be used for early surfactant treatment to spontaneously breathing
patients during the early course of ALI/ARDS. Once administered and
extubated, CPAP or HHFNO, should be continued and hopefully again
assist in avoiding invasive mechanical ventilation.

Surfactant and the multifaceted pathophysiology of in-
flammatory lung injury

Duringhyperinflammationand acute respiratory distress syndrome,
similar to patients with SARS-CoV and MERS-CoV, some patients
with COVID-19 develop acute respiratory distress syndrome (ARDS)
with characteristic pulmonary ground glass changes on imaging [188].
Evidence confirms that some of the severe COVID-19 patients have an
elevated cytokine profile resembling the cytokine storm described in
SARS and MERS [189]. The observations have been found consistent
with the characteristics of the so called “primary cytokine” storm
induced by viral infections which were mainly produced by alveolar
macrophages, epithelial cells and endothelial cells. This appears to be
different to the cytokine response observed in “secondary cytokine”
storm induced by different subsets of activated T lymphocytes in late
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stage of viral infection or of a complication of T cell-engaging therapies.
In line with these observations, Liao et al. [190] showed that monocyte-
derived FCN1+ macrophages, but not FABP4+ alveolar macrophages
which represent a predominant macrophage subset in BAL in patients
with mild diseases, overwhelm the severely damaged lungs of patients
with ARDS. These cells have a high inflammatory potential and are
producers of large amounts of the chemokines implicated in cytokine
storm.

Fuetal. [191] explored the possible mechanisms of the inflammatory
response observed in COVID-19 pneumonia. Based on previous
studies of SARS-CoV, they separated the inflammatory responses. In
SARS-CoV-2 infection into primary and secondary responses Primary
inflammatory responses occur early after viral infection, prior to the
appearance of neutralizing antibodies (NAb). These responses are mainly
driven by active viral replication, viral-mediated ACE2 downregulation
and shedding and host antiviral responses. Secondary inflammatory
responses begin with the generation of adaptive immunity and NAb.
The virus-NAb complex can also trigger FcR-mediated inflammatory
responses and acute lung injury.

The inflammatory process related to ALI/ARDS (in general) may
be limited to the lung, with lower levels of inflammatory mediators
in the systemic circulation [90,192]. However, compared to other
viral causes of ALI/ARDS, there is evidence showing that a subgroup
of patients with severe COVID-19, experience a cytokine ‘storm, i.e.
virally driven hyper inflammation [118]. A cytokine profile resembling
secondary haemophagocytic lymphohistiocytosis (sSHLH) is associated
with COVID-19 disease severity, characterised by increased interleukin
IL-2,IL-7, granulocyte colony stimulating factor, interferon-y inducible
protein 10, monocyte chemoattractant protein 1, macrophage
inflammatory protein 1-a, and tumour necrosis factor-a [118].
Although corticosteroids were not routinely recommended during
previous pandemics, it is now realized that immune suppression with
steroids, selective cytokine blockade and Janus Kinase (JAK) inhibition,
may alter the clinical course of COVID-19 infection [118,193].

Considering then that COVID-19 infects the type II pneumocytes
(cells manufacturing surfactant) and what has been reported on the
inflammation cascade in COVID-19 (summarized supra), we propose
that exogenous surfactant treatment has the potential to alleviate
the severity of the inflammation in the alveoli. This inflammation-
suppressive effect of synthetic surfactants containing a peptide / protein
, has now been convincingly been demonstrated in the studies by
Ahlstrom et al. and Van Rensburg et al in the rabbit ARDS model and
the LPS stimulated human alveolar macrophage [147,150].

Our own research compared the natural derived surfactants,
Curosurf® and Liposurf®. For this purpose, we investigated cytokine
production from BAL derived alveolar macrophages (AMs) treated
with either Synsurf®, Curosurf® or Liposurf [147]. Thirty children, aged
3 to 14 years, undergoing diagnostic bronchoscopy and bronchoalveolar
lavage, were studied. Differential cytology, cytokine and chemokine
measurements were performed on the fluid after exogenous surfactant
exposure. The aim of the study was to investigate the potential anti-
inflammatory effects of exogenous surfactants on the BAL fluid,
specifically alveolar macrophages in healthy South African children.
The results showed that alveolar macrophages were the predominant
cellular population in normal children. Patients with inflammatory
pneumonopathies had significantly more neutrophils in the BAL. Levels
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of inflammatory cytokines were significantly lower after exogenous
surfactant exposure. Moreover, IL-10 and IL-12 cytokine secretion
increased after exogenous surfactant exposure. We found a weak
relationship between LPS stimulated release of IL-1p, IL-2, IL-6 and
IL-8 and their spontaneous secretion during prolonged exposure to LPS
in combination with surfactant. Synsurf displayed an approximate two-
fold decrease in IL-1p release (97.60 pg/ml) compared to control levels
(176.45pg/ml) whereas the natural surfactants displayed a minimal
decrease. After 24hours, TNF-a levels decreased within the cell
supernatant of the surfactant treated AMs compared to controls. The
Curosurf (120.73 pg/ml) and Liposurf (110.01 pg/ml) groups displayed
an approximate four-fold decrease in TNF-a release compared to control
levels (462 pg/ml) whereas, Synsurf (56.87 pg/ml) displayed a much
larger, eight-fold, inhibitory effect on stimulated TNF-a release. TNF-a
and IL-1P release by macrophages are “acute response” cytokines that
promote neutrophilic and eosinophilic inflammation. Although they
are not directly chemo-attractive agents, they may directly or indirectly
stimulate the upregulation of relevant secondary cytokines and cell
adhesion molecules. The increased presence of TNF-a and IL-1f may
synergistically amplify the expression of IL-6 and IL-8.

From the above, the question arises: Can exogenous pulmonary
surfactant has a potential to act as adjuvant therapy in SARS-CoV-2
patients experiencing acute respiratory distress syndrome? [194]. Given
the rapidly evolving nature and case severity of the current pandemic,
we propose exogenous pulmonary surfactant therapy as worth an in
depth investigation as an intervention in (early) cases of SARS-CoV-2
mediated acute respiratory distress syndrome. To the best of our
knowledge, readily available bovine/porcine surfactant preparations
are not currently being employed in hospitalized patients and could
perhaps result in improved overall outcomes and shorter average
duration of ICU stay in inpatients with COVID-19.

In the lungs, ACE2 is found on cell surfaces of airway epithelia
and type 2 pneumocytes. These cells are responsible for the production
and secretion of pulmonary surfactant. The virus uses these cells for
fulminant replication, leading to their destruction and impaired
surfactant production in the host. No therapeutic approach is presently
directed at mitigating the resulting alveolar collapse, reduction in FRC
and predictable respiratory failure. Exogenous pulmonary surfactant
therapy, while widely used for the treatment of neonatal respiratory
distress syndrome (nRDS), has not yet been implemented for treatment
of SARS-CoV-2 associated respiratory failure to the best of our
knowledge. We believe it may have, in theory, an advantage in adult
cases of acute respiratory distress syndrome (ARDS).

Severe cases of SARS-CoV-2 typically involve the development
of ARDS followed by septic shock or specific organ dysfunction (e.g.,
acute kidney injury, fulminant myocarditis), leading to death. Besides
other medical treatment, support is generally limited to failing organs
such as the lungs. This is achieved with oxygenation support (high-
flow oxygen and non-invasive positive pressure ventilation) prior to
tracheal intubation and mechanical ventilation. Thus, ARDS from rapid
type-2 pneumocyte destruction appears to be an appropriate target
for therapy which could mitigate alveolar compromise and prevent
progression to later stage syndromes. With current figures indicating
that approximately 20% of patients with proven SARS-CoV-2 infections
are hospitalized, of whom 25% require critical care, it cannot be
overstated that reducing ICU length of stay is critical in decreasing the
health system burden. There is a unique opportunity to approach this
problem using readily available bovine/porcine surfactant preparations,
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at the appropriate doses, for compassionate-use exemption in expedited
clinical trials. To this end we propose the exploration of repeated early
surfactant therapy-via endotracheal aerosolisation at a dose of 300 mg/
kg in conjunction with standard procedures and therapies in intubated
patients.

Surfactant alone, or with anticoagulants?

One of the problems when interpreting blood gas results in
patients with ALI/ARDS, is the well described effects of the FiO, on
the pulmonary shunt [195-198]. This phenomenon is explained by the
concept of absorption atelectasis where the alveoli with a low FRC and
high content of oxygen, progressively collapse as the oxygen is absorbed
by the relative excess capillary blood flow. If the presence of insufficient
and insoluble nitrogen, which acts as an alveolar “strut” is replaced
by the elevated alveolar oxygen, the unstable alveoli volume further
decreases and hence the calculated shunt increases. Recently Karbing et
al. suggested that if the PaO,/FiO, ratio is used, the FiO, level at which
the PaO,/FiO, ratio is measured, should be defined when quantifying
the effects of therapeutic interventions or when specifying diagnostic
criteria for ALI/ARDS because of this dependence of this questionable
indirect index of pulmonary shunt on the inspired oxygen [199].
These authors, as Coetzee et al. [198] were of the opinion oxygenation
difficulties is better described using more objective parameters such
as directly calculated pulmonary shunt and ventilation/perfusion
mismatch [199].

Meng et al. [130] found that surfactant administration did not
significantly improve the PaO,/FiO, ratio of ARDS patients. This
publication was based on a meta-analysis of studies using various
installation techniques. However, unless the before and after results
were obtained on a similar FiO,, the results are meaningless.

Three decades ago, Seeger et al. [91] pointed out that persistent
atelectasis of surfactant-deficient and fibrin-loaded alveoli may
represent a key event to trigger fibroblast proliferation and fibrosis
in late ARDS. Considering the forgoing, it is reasonable to speculate
that combined treatment with surfactant and fibrinolytic agents could
be considered early in the course of patients with ALI/ARDS. The
theoretical basis is the speculation that, if the fibrin loaded alveoli
can be cleared and surfactant instilled, it may result in improved gas
exchange and compliance mechanics. This is an untested hypothesis.

Microthrombosis and a role for anticoagulants and
thrombolysis with or without surfactant as treatment
agents in COVID-19 and viral-induced ALI/ARDS

As highlighted earlier, despite diversity in viral causes of pneumonia
and ALI/ARDS, the repeated finding of similar lung pathology features
related to viruses, dictate that DAD occurs early and frequently.
Moreover, there is good evidence to show that, as a minimum, some
of the alveolar pathology is related to disruption of alveolar-capillary
integrity and Type II cell injury and surfactant dysfunction [111,200].
Furthermore, as part of DAD there is intra-alveolar clot formation
secondary to intra-alveolar fibrin deposition owing to alveolar capillary
injury and leakage. Intravascular microvascular thrombosis can also
occur and extravascular fibrin deposition promotes lung dysfunction
and the acute inflammatory response in addition to the microvascular
and arteriole clot formation [201]. Recently, Magro et al. examined a
role for complement activation and microvascular thrombosis in cases
of persistent, severe COVID-19, since it is reasoned that the respiratory
distress accompanying a subset of severe COVID-19, may be distinct
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from classic ARDS. Initially, there is relatively well-preserved lung
mechanics despite the severity of hypoxemia, characterized by
acceptable respiratory compliance and high shunt fraction, and
increasing recognition of systemic features of a hypercoagulable state in
this disease. Therefore, they reasoned, pathology and pathophysiology
of COVID-19 might differ from that of typical ARDS [202]. Contrary
to other publications on COVID-19 related lung involvement, these
authors found a pattern of COVID-19 pneumonitis with a microvascular
injury syndrome which was predominantly a small vessel inflammatory
vasculitis of the alveolar septal capillaries mediated by activation of
complement pathways and accompanied by a pro-coagulant state in
the absence of DAD with hyaline membranes, inflammation, and type
II pneumocyte hyperplasia, all hallmarks of classic ARDS. A recent
position paper from Italian Society on Thrombosis and Haemostasis
stated that although there is no confirmed evidence as yet from the
laboratory, it is plausible that the plasma of COVID-19 patients is
hypercoagulable, as suggested by preliminary laboratory information
and many clinical observations [203]. It stated that it is also possible
that pulmonary embolism is already present in more severely ill
COVID-19 patients before hospitalisation, thus explaining the reported
ineffectiveness of prophylactic doses of heparins during their hospital
stay. The hypothesis of improving the clinical outcome of COVID-19
patients by simple and inexpensive antithrombotic drugs is very
attractive, but several issues need to be addressed and clarified before
adopting an aggressive anticoagulation approach. These include the
appropriate timing of start of treatment, and the type and dosage of
drug, while the impact of concomitant medications that are often taken
by these subjects should also be taken into consideration. Moreover,
it should be noted that approximately 50% of patients who have died
of COVID-19 in Italy had three or more comorbidities such as atrial
fibrillation or ischaemic heart disease and chronic kidney disease often
requiring anticoagulant or antiplatelet treatment. The management of
these is particularly challenging due to the potential interactions of
concomitant therapies such as direct oral anticoagulants.

It has been known for several decades that extravascular fibrin
deposition promotes lung dysfunction and the acute inflammatory
response in diverse forms of ALI [204]. Within 3 days of disease onset,
disordered coagulation (increased procoagulantactivity) and fibrinolysis
(decreased) promote extravascular fibrin deposition manifesting as
alveolar fibrin deposition and intravascular thrombosis or disseminated
intravascular coagulation. The alveolar deposition of fibrin is a result of
inhibition of urokinase plasminogen activator (uPA) by plasminogen
activators or inhibition of plasmin by antiplasmins [201]. Furthermore,
it is this deposition that characterizes acute lung injury and repair. The
success of anticoagulant or fibrinolytic strategies designed to reverse
the abnormalities of local fibrin turnover in acute lung injury supports
the inference that abnormalities of coagulation, fibrinolysis, and fibrin
deposition have a critical role in the pathogenesis of acute lung injury.
One small study examined a role for plasminogen activators in patients
with ARDS (trauma, sepsis) who failed ventilation and PEEP. The
hypothesis was that disseminated intravascular coagulation initiates
ARDS by occluding the pulmonary microcirculation with microclots.
The patients responded with significant improvement in oxygenation
and no bleeding occurred and clotting parameters remained normal
[205,206].

As Idell wrote in 2001 “To many in the pulmonary or critical
care community, these reports may be surprising and the approach
unfamiliar” Anticoagulants exert anti-inflammatory as well as
anticoagulant properties which may be utilized to protect against lung
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injury and ARDS. It is therefore reasoned that an early intervention with
surfactant replacement with adjunctive fibrinolytic or thrombolytic
anticoagulant agents may alter the clinical course and phenotypical
expression of the ALI/ARDS disease pattern [201,207].

The alternative hypothesis is that there is no common pathological
response of the lung to diverse insults, and that one size (early
surfactant therapy with or without adjunctive agents) does not fit all. It
is becoming clear that understanding both the likely pathophysiology
and identifying the subpopulation at risk is crucial to establishing
the basis for targeted and appropriate treatment. Since surfactant
dysfunction occurs early during direct ARDS, surfactant is theoretically
an attractive adjuvant treatment with non-invasive and invasive
ventilation support [208-210]. During the earlier phase of viral-induced
ARDS, surfactant treatment may prevent or ameliorate development of
DAD and progression to P-SILI in the spontaneously breathing, but
increasingly dyspnoeic patient. Surfactant replacement might prevent
the progression from ALI (Type L) to the low volume, low compliance
de-recruited lungs of the ARDS 2 / Type H. Adjunctive treatment
with aerosolized surfactant could be administered while a patient
is receiving any form of NIV support. Once the patient is intubated
during the phase of ARDS 2 / Type H, the additional challenge is to
avoid iatrogenic ventilator-induced lung injury by employing lung
protective ventilation strategies. In the intubated patient surfactant
could be administered as liquid boluses [211-214].

Given the fibrin and protein rich alveolar flooding which occurs,
there is data which show convincing evidence that nebulized heparin
and streptokinase improves oxygenation and compliance. The drugs are
also taken up by the capillaries and one can speculate that its beneficial
effects could be achieved at the locus (microvasculature) where the
clotting pathology occurs. Again the emphasis on nebulization as
a feasible route to address elements of the known pathophysiology
associated with ALI/ARDS [49].

Conclusion

Despite relatively unchanged lung pathology related to direct
ARDS throughout the past century (1918-2020), clinicians still have
limited curative options on which to rely. We have reviewed some
of the pathology of ALI/ARDS, inter alia the loss of surfactant and
microvascular pathology associated with ARDS. In the neonate the use
of surfactant clearly has demonstrated advantage but uncertain and
variable results in adults have relegated the use of surfactant in adult
ARDS to an uncertainty. We speculate that a prospective randomized
trial using early and repeated surfactant in adults is required to address
the possible advantage of this proposed treatment. In addition there is
reason to suggest that surfactant may not only have a benefit from a
mechanical point of view, it perhaps may have beneficial effects on the
local inflammatory process in the ARDS lung.

The increased clotting tendency associated with the MOF/D
(and ARDS), and in particular its effect on the lung vasculature, has
pulmonary mechanical effects (such as increased dead space) and could
limit oxygenation via the right ventricular overload and uncoupling of the
right ventricle with the elevated pulmonary artery elastance. Hence, active
management of this should include early effective and titrated inhibition of
the accelerated coalgulation and thrombolysis via nebulization which is a
relatively new concept worth further exploration.

COVID-19 has unique features, such as the dissociation between
oxygenation, CT image and saturation seen in some patients. However,
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it also has features which are no different from the well-defined ALI/
ARDS pathology. Hence, the suggestion of surfactant use (amongst
other therapies) and effective anticoalgulation / thrombolysis equally
applies to COVID-19.

Clinicians often are confronted with confusing facts and even
disinformation. The best way to navigate a safe course is to rely on the
known pathology and devise methods to specifically circumnavigate
those with targeted therapy. The latter often, in ARDS, is not curative
but may support and buy time for the patient to recover from the
complex pathology.

No specific curative pharmacotherapies have been identified in
patients with ALI/ARDS. The caveat is that these patients should be
identified early at onset of disease [85].
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