
Journal of

Clinical Medicine

Review

Post-COVID-19 Pulmonary Fibrosis: Novel Sequelae of the
Current Pandemic

Shiva Rattan Ambardar 1,*, Stephanie L. Hightower 1,2, Nikhil A. Huprikar 1,2, Kevin K. Chung 1,2 ,
Anju Singhal 3 and Jacob F. Collen 1,2

����������
�������

Citation: Ambardar, S.R.; Hightower,

S.L.; Huprikar, N.A.; Chung, K.K.;

Singhal, A.; Collen, J.F. Post-COVID-

19 Pulmonary Fibrosis: Novel

Sequelae of the Current Pandemic. J.

Clin. Med. 2021, 10, 2452. https://

doi.org/10.3390/jcm10112452

Academic Editors: Steven D. Nathan

and Christopher King

Received: 9 April 2021

Accepted: 27 May 2021

Published: 1 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Medicine, F. Edward Hebert School of Medicine, Uniformed Services University of the Health
Sciences, Bethesda, MD 20814, USA; stephanie.l.hightower.mil@mail.mil (S.L.H.);
nikhil.a.huprikar.mil@mail.mil (N.A.H.); kevin.chung@usuhs.edu (K.K.C.); jacob.collen@usuhs.edu (J.F.C.)

2 Department of Pulmonary, Critical Care, and Sleep Medicine, Walter Reed National Military Medical Center,
Bethesda, MD 20814, USA

3 Inova Fairfax Advanced Lung Disease Center, Fairfax, VA 22033, USA; anju.singhal@inova.org
* Correspondence: srambardar@gmail.com

Abstract: Since the initial identification of the novel coronavirus SARS-CoV-2 in December 2019,
the COVID-19 pandemic has become a leading cause of morbidity and mortality worldwide. As
effective vaccines and treatments begin to emerge, it will become increasingly important to identify
and proactively manage the long-term respiratory complications of severe disease. The patterns of
imaging abnormalities coupled with data from prior coronavirus outbreaks suggest that patients with
severe COVID-19 pneumonia are likely at an increased risk of progression to interstitial lung disease
(ILD) and chronic pulmonary vascular disease. In this paper, we briefly review the definition, classifi-
cation, and underlying pathophysiology of interstitial lung disease (ILD). We then review the current
literature on the proposed mechanisms of lung injury in severe COVID-19 infection, and outline
potential viral- and immune-mediated processes implicated in the development of post-COVID-19
pulmonary fibrosis (PCPF). Finally, we address patient-specific and iatrogenic risk factors that could
lead to PCPF and discuss strategies for reducing risk of pulmonary complications/sequelae.

Keywords: SARS-CoV-2; coronavirus; pulmonary fibrosis; interstitial lung disease; COVID-19; ARDS;
venous thromboembolism; pneumonia; mechanical ventilation

1. Introduction

The first reports of a novel coronavirus SARS-CoV-2 came from Wuhan, China, in
December 2019. As this highly transmissible virus spread rapidly across the globe, it
quickly overwhelmed medical and critical care resources, becoming a leading cause of
morbidity and mortality worldwide [1]. Declared a global pandemic by the World Health
Organization (WHO) on 11 March 2020, coronavirus-19 (COVID-19) has to-date infected
over 110 million people worldwide and led to over 2.5 million deaths.

As the pandemic evolves and effective vaccines and treatments begin to emerge, it
is increasingly important to build our understanding of the long-term complications in
patients infected with the SARS-CoV-2 virus. Due to the high prevalence of respiratory
failure and the need for mechanical ventilation in patients with severe manifestations of
the disease, there has been increasing concern about the pulmonary sequelae, most notably
pulmonary fibrosis (PF) [2]. Given that survivors of COVID-19 who develop persistent
pulmonary disease will require long term specialty care, all clinicians have a vested interest
in understanding and mitigating the various risk factors associated with post-COVID-19
pulmonary fibrosis (PCPF). In this paper, we aim to briefly define interstitial lung disease
(ILD) and review the underlying pathogenesis leading to the development of pulmonary
fibrosis. We then present a summary of the current literature describing both the viral-
and immune-mediated mechanisms implicated as primary contributors to lung injury in
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severe COVID-19 disease. Finally, we address risk factors for progression to PCPF and
mitigation strategies.

2. Definition and Classification of Interstitial Lung Disease (ILD)

Interstitial lung disease (ILD) is a broad term that includes various diffuse parenchy-
mal lung diseases with a spectrum of clinical, radiologic, and pathologic features. It is often
characterized by shared features of inflammation and/or fibrosis [3]. PF, on the other hand,
is a pathological outcome of acute and chronic ILDs in which normal regulation of tissue
repair is compromised [4,5]. Since PF is a subset of ILDs, PF is always related to ILD. PF is
characterized by impaired reconstruction of the damaged alveolar epithelium, persistence
of fibroblasts, excessive deposition of extracellular matrix (ECM) components such as
collagen, and the destruction of normal lung architecture [4]. The term fibrosis usually
implies collagen deposition on histopathology [3,6]. Pathological studies in humans and
animal models have also shown the presence of proliferation myofibroblasts and alveolar
remodeling [5]. However, histology of post-COVID-19 PF is not well defined.

To clarify some related terms, diffuse alveolar damage (DAD) is not fibrosis in itself,
but fibrotic features can be part of DAD. In the fibrotic phase of DAD there is failure of
removal of alveolar collagen, which is laid down early in the process of lung injury [7].
Ground glass opacity (GGO) is a radiologic sign which is more likely to represent potentially
reversible inflammation, such as from pneumonia, than fibrosis [3,8].

Idiopathic PF (IPF) is a distinct type of fibrotic ILD. Viral infections notably have
been associated with developing IPF [9] and are thought to be co-factors in the onset of
IPF, although by definition, IPF has no known trigger [10,11]. A meta-analysis showed
that the presence of persistent or chronic viral infections significantly increases the risk of
developing IPF, but this data did not find a role for coronaviruses [12].

Specific terminology here can create confusion, and clarification of “post-COVID-19
PF” is needed, as it is often used interchangeably to refer to one of the following: post-acute
respiratory distress syndrome (ARDS) PF [13], post-inflammatory PF [4], post-viral PF, and
post-viral ILD. The etiology, prognosis and progression of post-viral PF syndromes may
differ from fibrotic ILDs like IPF [14]. Wallace et al. advocated clarifying nomenclature
since fibrosis should refer, by definition, to an irreversible end state; therefore, he argues
“fibrosis” should not apply to the abnormalities seen in cases of post-viral PF since these
changes could reverse over time [15]. Other authors argue that “fibrosis” can be considered
a potentially reversible process, and the term “reversible pulmonary fibrosis” has been used
in the current literature [16,17]. In this review, we will use the term “PCPF” to encompass a
non-idiopathic form of PF associated with COVID-19 infection, which is heterogeneous in
many aspects and can present anytime from initial hospitalization to long term follow-up.
However, it is as yet early in the COVID-19 pandemic and there is still much uncertainty
about many aspects of this condition.

3. Post-COVID Pulmonary Fibrosis

A diagnosis of PCPF should be based on clinical, radiologic, and pathologic informa-
tion. Lab tests, pulmonary function tests (PFTs), and/or high resolution CT (HRCT) in the
setting of a patient with previous or suspected COVID-19 infection may provide evidence
to support a diagnosis of PCPF. In light of current circumstances (shortages of personal
protective equipment (PPE), medical providers, and procedural space), it is difficult to
justify pursuing high-risk, aerosolizing procedures such as bronchoscopy or surgical lung
biopsy for diagnosis, especially since these would not change management in the acute
setting [18,19]. To date, there are no reliable data on the frequency and severity of PF
associated with COVID-19.

Several recent COVID-19 studies have described patients with residual radiographic
abnormalities consistent with pulmonary fibrosis [20,21] and concomitant findings of
fibrotic features on histopathology [1,22]. Among 90 hospitalized COVID-19 patients,
the majority had residual mild to substantial pulmonary changes on CT at discharge,
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a median of 24 days after symptom onset [20]. Some authors have classified PCPF ra-
diologically based on extensive and persistent fibrotic changes, including parenchymal
bands, irregular interfaces, reticular opacities, and traction bronchiectasis with or without
honeycombing [23]. Other studies indicated that some follow-up CTs showed extensive
fibrosis outright [21] Notably, since there is no single test that proves the diagnosis, it is
very important that these radiologic changes occurred temporally associated with recent
COVID-19 infection.

There is some variation in presentation and severity, but cases generally present
with bilateral GGOs [24], later progressing to fibrosis with negative COVID-19 tests. In
a systematic review of 131 pulmonary samples from COVID-19 patients, three histologic
patterns of lung injury were identified and often found to be overlapping: epithelial,
vascular, and fibrotic [1]. In an autopsy study, the fibrosing DAD pattern was seen most
commonly and typically showed either alveolar duct fibrosis or diffuse thickening of
alveolar walls [25].

4. Etiology and Pathophysiology

Potential contributing etiologies for PCPF include viral pneumonia and pneumoni-
tis [4,26–29]; ARDS from COVID-19 pneumonia and COVID-19 related sepsis [4,27,28,30,31];
trauma (prolonged mechanical ventilation (MV)) [13,26,31–33]; thromboembolism [4,28]; hy-
peroxia [4,28,34,35]; and dysregulations in the immune response [4,26–31] (Figure 1). These
factors may overlap, and notably, trauma from MV is not necessary for PCPF to occur [29].
There has been some discussion on P-SILI (patient-self induced lung injury), a form of lung
injury that is thought to occur early in ARDS, in which strong spontaneous breathing effort
may contribute to lung damage, and there has been debate on if this should affect timing of
intubation [36,37].
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4.1. Viral Pneumonia and Pneumonitis

Prior to COVID-19, there have been three recent global viral pneumonia outbreaks:
SARS coronavirus (SARS-CoV) in 2002, Influenza A H1N1 (2009), and most recently Middle
Eastern respiratory syndrome coronavirus (MERS-CoV) in 2012. From 2002–2004, SARS-
CoV led to >8000 admissions (20% developed ARDS) with a case fatality rate exceeding
9% [38,39]. ICU mortality for SARS-CoV was reportedly between 35–43%. Among those
requiring MV, mortality was reported to be between 52–64% [38–45]. The 2009 Influenza
A H1N1 pandemic led to ICU admission in 9–31% of adults and mortality of 14–27%
among the critically ill with rates as high as 42% for patients requiring MV [39,46–51]. For
MERS-CoV, ICU mortality rates have been reported to be between 58–90% and 72–75%
among those requiring MV [39,52]. The mortality rates for both MERS-CoV and COVID-19
are particularly alarming. However, global implications for COVID-19 are much direr
given the drastic difference in range. The World Health Organization has documented
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854 deaths due to MERS-CoV since 2012. COVID-19 by contrast continues to spread with
more than 2.5 million deaths globally since January 2019.

Among patients with MERS who were evaluated for residual radiographic findings
after recovery, more than 33% had fibrosis. Fibrotic changes were linked to more severe
initial radiographic findings on plain chest X-ray (CXR), longer duration of ICU admission
(19 days or longer), longer duration of mechanical ventilation, older age, and higher lactate
dehydrogenase levels. Patients without fibrosis tended to have more pleural disease or
ground glass opacities [39,53]. A paucity of literature has addressed pulmonary sequelae
following recovery from COVID-19. Spirometry demonstrating a restrictive pattern weeks
after discharge in severe COVID-19 survivors could be due to weakness/deconditioning
from prolonged MV or parenchymal disease. One study evaluated COVID-19 survivors
8–12 weeks after illness and only found objective abnormalities (radiography, spirometry,
and laboratory) in 35% of the patients. Abnormalities were mostly in those patients with
moderate to severe disease who required supplemental oxygen. The majority of patients
struggle with residual pulmonary complaints such as dyspnea and cough, often without
objective findings on testing [54].

4.2. Post-ARDS Pulmonary Fibrosis

By contrast, in ARDS survivors there is extensive literature documenting the corre-
lation of physiologic and radiologic data with health-related quality of life (HR-QOL),
as well as pulmonary-specific measures. Survivors may have various pulmonary abnor-
malities including restriction, which may be due to neuro-muscular weakness (NMW)
and deconditioning more so than parenchymal injury. Burnham et al. showed the ra-
diographic changes and physiologic measures correlated well with patient’s symptoms
and reduced pulmonary function months after diagnosis in a number of acute lung injury
(ALI)/ARDS survivors [55]. These patients tended to have low diffusing capacity for car-
bon monoxide (DLCO) supporting direct pulmonary injury impacting gas exchange [56].
Common variables for fibrotic lung disease following viral respiratory failure are advanced
age, prolonged duration of mechanical ventilation, and worsened initial radiographic
changes, all of which are consistent with a baseline more severely ill population. The
underlying pathophysiology is likely multifactorial, with the largest contributions coming
from mechanical ventilation induced trauma to the lungs, as well as aberrant reparative
processes. In response to viral mediated lung damage, dysregulation of epidermal growth
factor receptor (EGFR) signaling may lead to a prolonged and exaggerated wound healing
response, leading to fibrosis [10,57].

4.3. Direct Trauma from Mechanical Ventilation

A postulated role of prolonged mechanical ventilation-induced lung injury (VILI) in
PF has been outlined by several authors [32]. Although mechanical ventilation (MV) is
the most important supportive therapy for ARDS, it can cause or worsen lung injury—
which is referred to as VILI [32]. A significant proportion of patients with COVID-19
require MV as a supportive treatment and in one study of 5700 hospitalized COVID-19
patients, 20% required MV [58]. ARDS causing respiratory failure is a frequent cause of
morbidity and mortality in COVID-19 patients and often is the reason they need MV [59,60].
The initial inflammatory injury of ARDS to the lung may be augmented by mechanical
forces of MV [61]. VILI presents similarly to and is clinically indistinguishable from
ALI/ARDS [62]; thus, it is difficult to determine cause and effect and whether the virus, the
disease process (ARDS), or the treatment (MV) is the culprit for any ensuing and persistent
lung injury [62,63].

4.4. Thromboembolism

In addition to causing a clinical array of respiratory-related disorders, COVID-19
has also been shown to result in a profoundly prothrombotic state leading to both micro-
and macro-thrombotic disease [27]. At present, the specific pathophysiology underlying
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this hypercoagulable state remains unclear; proposed mechanisms include a combina-
tion of hyperinflammatory processes triggering thrombo-inflammation; dysregulation of
complement, fibrinolytic and plasminogen systems; and viral-mediated endothelial cell
injury [64]. However, this is not specific to COVID-related ARDS; ARDS in general is
associated with pulmonary thrombosis and it is not clear that COVID-related ARDS has
more or less thrombosis than non-COVID related ARDS.

Thromboembolism and hypercoagulability may be implicated in pathogenesis of
pulmonary fibrosis. Epidemiologic observations have supported this possibility. A large
cohort study showed that the incidence rates of ILD were higher in patients with a history
of venous thromboembolism or pulmonary embolism than in control patients [6,65]. A
possible mechanism would be pulmonary emboli leading to lung injury and damage,
triggering or contributing to fibrosis [65]. Grosse et al. evaluated the spectrum of cardiopul-
monary histopathology of COVID-19 based on non-minimally invasive autopsies, and
their findings revealed different stages of DAD in all fourteen patients assessed, with the
presence of thrombotic/thromboembolic vascular occlusions in an overwhelming majority
(11/14) [66]. Thus, pulmonary artery thrombi in COVID-19 may be attributable to dysregu-
lation of the inflammatory and reparatory mechanisms as a result of DAD. Prior autopsy
series from patients infected with SARS-CoV-1 seem to support this theory as the authors
considered fibrin microthrombi in small pulmonary arteries as a common finding of DAD,
however, this is a common finding in autopsies of patients with ARDS from other disease
states and may simply be a reflection of illness severity.

4.5. Pro-Inflammatory State

Another mechanism more recently hypothesized as a potential contributor to the im-
mune dysregulation and hypercoagulable state found in COVID-19 patients are neutrophil
extracellular traps (NETs) [67]. Activated neutrophils have the unique ability to form NETs,
which are weblike structures rich in host DNA, modified histone proteins, and granule
proteins such as neutrophil elastase (NE) and myeloperoxidase (MPO). Initially discovered
for their role in bactericidal activities, NETs are now hypothesized to be involved in a
variety of infectious and non-infectious processes that lead to lung damage, thrombosis,
and fibrosis. Interestingly, NETs have been found in the airways and pulmonary microcir-
culation of COVID-19 patients, but were not detected in the lungs of patients who died of
other causes [67]. Further investigation is required to more specifically elucidate whether
NETs are directly involved in the formation of pulmonary micro-thrombi, but it is possible
that under hyper-inflammatory conditions such as those induced by severe COVID-19
infection, NETs could represent a mechanism by which neutrophils contribute to thrombus
formation, host-system repair dysregulation, and subsequent pulmonary fibrosis formation.
A possible mechanism by which NETs may contribute to PCPF is that in advanced stages,
NETs could be replaced by collagen networks [67,68].

Immunological dysregulation, also known as the “cytokine storm”, may be a signifi-
cant contributor to multiorgan dysfunction. Many cytokines have been reported at elevated
levels in COVID-19 cases, including IL1-β, IL-6, IL-7, IL-8, and tumor necrosis factor-α
(TNF-α). Elevated proinflammatory cytokines correlate with disease severity [69,70]. The
immune induced mechanism of PF is important to address. Immune-related damage
contributes to COVID related ARDS. Also, transforming growth factor beta (TGF-β) is
a cytokine thought to be a crucial mediator of initiation and progression of fibrosis and
remodeling [71]. Its expression is increased in animal models of PF and in human lungs
with IPF [5,72]. IL- 6 and IL-16 are other cytokines that may also be implicated in lung or
other organs’ fibrosis [73,74].

4.6. Role of Oxygen

Prolonged hypoxia’s effect on the development of interstitial pulmonary fibrosis is
not specific to COVID-19 but well-documented in the literature [75–77] Some studies have
suggested a link between hypoxia and the development of pulmonary fibrosis, citing
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the aberrant interplay between hypoxia, fibroblast formation, and extracellular matrix
(ECM) deposition. This been supported by studies showing that hypoxia-inducible factor
1-alpha, (HIF-1-alpha), is implicated in initiation and progression of multiple types of tissue
fibroses [75].

By the same token, hyperoxia or prolonged exposure to excessively high amounts of
supplemental oxygen has also been documented to lead to PF (DAD histopathology) [78].
This is difficult to mitigate in COVID patients with profound hypoxemia who are suscepti-
ble to the more acute effects of tissue hypoxia, but this mechanism is worth considering,
especially with regards to growing understanding of what constitutes acceptable oxygen
levels in this illness [79].

4.7. Other Possibilities

Future investigations into the pathophysiology of post-COVID-19 long term pul-
monary disease are urgently needed. These include genetic predisposition and modifi-
cation of the host microbiota. At the cellular level, TOLLIP (toll-interacting protein) has
many roles in the body including regulating inflammation and lung epithelial apoptosis.
TOLLIP genetic variants have been implicated in several lung diseases, including IPF, and
may provide a novel pathway for understanding chronic sequelae of COVID-19 [80].

Building our understanding of the contributions of alterations to host microbiota in
lung disease may also yield valuable insights. Interestingly, acute exacerbations of IPF
(AE-IPF) have been associated with alterations in bronchoalveolar lavage (BAL) micro-
biota burden compared to stable IPF. This shift in respiratory microbiota may also have
implications for PCPF [81].

5. Patterns of Progression of PCPF

One case series documented the need for lung transplantation for post-ARDS fibrosis
secondary to COVID-19, but all of these patients had severe ARDS and prolonged MV
(>3 weeks). Even after multiple negative virology tests, these patients showed irreversible
decline in lung function despite having maximal support with MV and ECMO [82].

PCPF’s course could also be similar to other well-documented forms of post-viral PF
such as those occurring after SARS/MERS/H1N1 infection. In SARS patients, post-viral
parenchymal damage and patient functional decline mostly recovered within two years of
disease onset. CT studies of SARS-CoV-1 showed radiologic features suggestive of fibrosis
in more than half of patients after an average of 37 days [83] but interstitial abnormalities
in only 5% of patients after 15 years’ follow-up [84]. It is unclear if the change in findings
over time represents selection or survival bias as opposed to resolution of fibrotic imaging
findings in some patients. Similarly, post-ARDS fibrotic changes have not been seen to
progress when the etiology of ARDS is due to viral respiratory infections [13,14]. Even if
not progressive, non-reversible fibrotic changes could significantly impact patients’ quality
of life, and lead to other disease-related morbidity and mortality [34]. However, there is
still much uncertainty about how PCPF may progress; as more data become available, we
hope to gain more knowledge on this.

The fact that there are currently no reliable data on the frequency and severity of
PCPF [4,13] may be related to difficulty diagnosing PCPF in current pandemic circum-
stances. One observational cohort study used follow-up CT scans and diagnosed PF based
on extensive radiologic evidence; of 81 survivors of severe COVID-19 pneumonia who
had been hospitalized, more than half had radiologic evidence of PF at follow-up [23].
Radiologic features of fibrosis have also been seen in 44% of patients discharged after
COVID-19 treatment [85]. Another study showed that there is a high rate of lung function
abnormalities on pulmonary function testing suggesting PF on discharge; in this study 47%
of patients had impaired gas transfer and 25% had reduced total lung capacity [56]. Finally,
in autopsies of thirty patients who died from COVID-19, histopathological progression of
DAD to the fibrosing pattern was seen in 43% of samples [25].
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6. Risk Factors for PCPF

In recent studies, there have been several factors associated with evidence of pro-
gression to PCPF in COVID-19 patients. These include older age [23,85,86], profound
dyspnea and/or higher respiratory rate [23,85], comorbid hypertension (HTN) [23,85,86],
and admission to the intensive care unit [23,85]. Laboratory risk factors for fibrotic features
were higher C-reactive protein (CRP) and lower lymphocytes [23,85,86]. In one study of
COVID-19 survivors, PF was diagnosed based on extensive fibrotic changes on follow-up
CT. This cohort was more commonly male, and their lab differences included leukocytosis,
neutrophilia, eosinopenia, and elevated D-dimer. Their clinical course was associated
with long prehospital length of fever and in-hospital respiratory failure necessitating
supplemental oxygen and/or non-invasive mechanical ventilation (NIMV) [23].

A cohort study also showed that lower baseline levels of interferon-gamma (IFN-y)
and monocyte chemoattractant protein 3 (MCP-3) at hospital admission for COVID-19 were
associated with higher volume of lung fibrosis at discharge. Additionally, there was an
autopsy histopathology study done; samples taken were classified as either predominantly
fibrosing DAD, acute DAD, or organizing DAD. The fibrosing DAD samples were from
patients that had been more than a decade younger, had longer ventilation, and longer
hospitalizations [25]. More associations are shown in Table 1.

Table 1. Associations with post-Covid PF. Abbreviations: L/O = length of, LOS = length of stay, f/u = follow-up,
RR = respiratory rate, Sx = symptoms, CMs = comorbidities, pts = patients. * = compared to those with acute DAD,
** = compared to all other patterns of DAD. All associations are p < 0.05.

Study N= Criteria for Defining PF Age CMs Medications Ventilation Labs

Yu, et al.,
2020 32

Based on f/u CT;
Pts put into 1 of 2 groups.

Fibrosis group had
evidence of fibrosis.

Older (Median
54 y.o, vs. 37) HTN

Longer L/O
steroid therapy,

longer L/O
antiviral therapy

–

Higher CRP,
higher IL-6,

lower
lymphocytes

Hu, et al.,
2020 76

Based on CT at discharge;
Pts put into 1 of 2 groups.

Fibrosis group showed
presence of PF.

Older (Median
58 y.o, vs. 39) HTN – –

Higher CRP,
lower IFN-y,

lower
lymphocytes

Huang,
et al., 2020 81

Based on f/u CT;
Pts put into 1 of 2 groups:
PF group showed fibrotic

changes.

Older (Median
63 y.o, vs. 51) HTN More likely to have

needed steroids
Higher rate of

ventilation

Higher CRP,
higher D-Dimer,

lower
lymphocytes

Li, Y. et al.,
2020 30

Based on histopathology;
Samples put into

fibrosing DAD, acute, or
organizing groups.

Younger *
(Median 64 y.o,

vs. 77)
– – Longer

ventilation ** –

These findings correlate with risk factors for PF from prior viral pandemics; a follow-
up study of MERS survivors showed that the ones who had radiographic evidence of
pulmonary fibrosis were older and had longer ICU admissions [87]. Risk factors for
post-SARS fibrosis were also older age and likelihood of having been in the ICU [83].

7. Strategies for Mitigation of Risk

Due to the challenges and lack of effective therapies for treating PF, it is imperative to
focus on strategies that aim to reduce the risk of developing PCPF. Such strategies should
be directed toward minimizing the factors implicated in perpetuating the cycle leading to
persistent lung injury, prolonged inflammatory response, and fibroproliferation [26]. At
present, the RNA polymerase inhibitor, remdesivir, is an antiviral agent currently approved
for clinical use in treatment of SARS-CoV-2. Initial data have shown some promise in
terms of symptom-improvement and resolution of disease in select populations, but is
thought to be of greatest benefit to patients early-on in their clinical course and in those
with mild-moderate disease [88,89]. However, since it is not known if early viral clearance
is protective, the role of remdesivir is not certain.
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The exaggerated inflammatory response that occurs in severe COVID-19 infection has
also been a target for various medications and therapies, and the use of immunosuppressive
agents is presently recommended as part of the standard treatment for COVID-19 infec-
tion. The RECOVERY trial has shown moderate-dose dexamethasone given for 10-days
decreases the need for and the number of days on MV, reducing the risk of both immune-
mediated and iatrogenic lung injury [90]. In addition to therapies targeted specifically at
viral and immune-mediated mechanisms, equal attention should be given to mitigating
the risk of other modifiable risk factors that are known to increase the risk of pulmonary
fibrosis. Ventilator-induced lung injury can be reduced with adherence to lung-protective
ventilation strategies, already proven to significantly reduce mortality in patients with
ARDS [37].

8. Conclusions

A significant number of patients will be at risk for long-term complications following
severe COVID-19 pulmonary disease, due to the high prevalence of respiratory failure
and the need for MV. The understanding of long-term pulmonary disease in COVID-19
survivors is limited at present time, but increasingly emerging as top priority for the
medical community.

PCPF may be a component of a broader syndrome called post-acute COVID-19 syn-
drome (PACS). PACS, which has been referred to by other names including “Long Covid”,
is a syndrome where patients experience persistent symptoms and/or long-term compli-
cations beyond four weeks from the onset of their initial symptoms [74]. These sequelae
after disease may include PCPF. Recent studies have shown that persisting symptoms
commonly include dyspnea, fatigue or muscle weakness, sleep difficulties, and chest pain,
among others [54,74,91]. Evidence suggests that patients who were sicker during their
initial hospitalization for COVID-19, especially those requiring high-flow nasal cannula and
non-invasive or invasive mechanical ventilation, are more at risk for long term pulmonary
sequelae. These may include impaired pulmonary diffusion capacities and abnormalities
on imaging suggestive of PF. PACS is an emerging and serious health concern that needs to
be addressed [54,74,91].

Different acute phenotypes of COVID have been identified with different clinical
courses and outcomes [92]. Similarly, in long term disease, variants among these so-called
“long hauler” phenotypes may exist. There may be different post-infectious states among
COVID-19 ARDS survivors. Although many will continue to have respiratory symptoms
for several months following acute infection, particularly those with underlying asthma,
some may recover entirely. Other subpopulations of patients appear to deteriorate three–
four weeks after initially getting infected and having a transient recovery. There are also
some patients that have very mild courses initially (not requiring medical attention or
hospital admission), but weeks later have a resurgence of infectious symptoms and develop
ARDS. Because of the early stages of knowledge at this time, a comprehensive review of so
called “long hauler” COVID-19 survivors is beyond the scope of this review.

Patients that experience long term cardiopulmonary and neurologic complications
following their acute illness may place enormous demands on a healthcare system that is
already struggling with limitations in providers and resources. Survivors of COVID-19
who develop persistent pulmonary disease will require long term specialty care; therefore,
all clinicians have a vested interest in understanding post-COVID-19 pulmonary fibrosis.
It is critical we begin proactively collecting and analyzing objective pulmonary data from
COVID-19 survivors in controlled studies in order to identify potentially modifiable clinical
risk factors or employ risk mitigation strategies to help protect patients from progression
to PCPF.

Author Contributions: Conceptualization, K.K.C., J.F.C. and S.R.A.; methodology, K.K.C., J.F.C.,
and S.R.A.; formal analysis, J.F.C. and S.R.A.; resources, K.K.C.; data curation, J.F.C. and S.R.A.;
writing—original draft preparation, J.F.C., S.L.H., S.R.A., N.A.H.; writing—review and editing, J.F.C.,
S.L.H., N.A.H., A.S., S.R.A.; visualization, J.F.C., S.R.A., N.A.H.; supervision, K.K.C., J.F.C., A.S.,



J. Clin. Med. 2021, 10, 2452 9 of 12

S.L.H. and N.A.H.; project administration, K.K.C., J.F.C., A.S.; funding acquisition, K.K.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Christopher S. King, MD, FACP, FCCP for his
mentorship and guidance throughout this process.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Polak, S.B.; Van Gool, I.C.; Cohen, D.; von der Thüsen, J.H.; van Paassen, J. A systematic review of pathological findings in

COVID-19: A pathophysiological timeline and possible mechanisms of disease progression. Mod. Pathol. 2020, 33, 2128–2138.
[CrossRef]

2. George, P.M.; Wells, A.U.; Jenkins, R.G. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet
Respir. Med. 2020, 8, 807–815. [CrossRef]

3. Kalchiem-Dekel, O.; Galvin, J.R.; Burke, A.P.; Atamas, S.P.; Todd, N.W. Interstitial lung disease and pulmonary fibrosis: A
practical approach for general medicine physicians with focus on the medical history. J. Clin. Med. 2018, 7, 476. [CrossRef]

4. Lechowicz, K.; Drozdzal, S.; Machaj, F.; Rosik, J.; Szostak, B.; Zegan-Baranska, M.; Biernawska, J.; Dabrowski, W.; Rotter, I.; Kotfis,
K. COVID-19: The potential treatment of pulmonary fibrosis associated with SARS-CoV-2 infection. J. Clin. Med. 2020, 9, 1917.
[CrossRef] [PubMed]

5. Ueno, M.; Maeno, T.; Nomura, M.; Aoyagi-Ikeda, K.; Matsui, H.; Hara, K.; Tanaka, T.; Iso, T.; Suga, T.; Kurabayashi, M. Hypoxia-
inducible factor-1α mediates TGF-β-induced PAI-1 production in alveolar macrophages in pulmonary fibrosis. Am. J. Physiol.
Lung Cell. Mol. Physiol. 2011, 300, L740–L752. [CrossRef] [PubMed]

6. Todd, N.W.; Luzina, I.G.; Atamas, S.P. Molecular and cellular mechanisms of pulmonary fibrosis. Fibrogenesis Tissue Repair 2012, 5,
11. [CrossRef] [PubMed]

7. Mac Sweeney, R.; McAuley, D.F. Acute respiratory distress syndrome. Lancet 2016, 388, 2416–2430. [CrossRef]
8. Gao, J.-W.; Rizzo, S.; Ma, L.-H.; Qiu, X.-Y.; Warth, A.; Seki, N.; Hasegawa, M.; Zou, J.-W.; Li, Q.; Femia, M. Pulmonary ground-glass

opacity: Computed tomography features, histopathology and molecular pathology. Transl. Lung Cancer Res. 2017, 6, 68. [CrossRef]
9. Azadeh, N.; Limper, A.H.; Carmona, E.M.; Ryu, J.H. The role of infection in interstitial lung diseases: A review. Chest 2017, 152,

842–852. [CrossRef]
10. Venkataraman, T.; Frieman, M.B. The role of epidermal growth factor receptor (EGFR) signaling in SARS coronavirus-induced

pulmonary fibrosis. Antivir. Res. 2017, 143, 142–150. [CrossRef] [PubMed]
11. Naik, P.K.; Moore, B.B. Viral infection and aging as cofactors for the development of pulmonary fibrosis. Expert Rev. Respir. Med.

2010, 4, 759–771. [CrossRef]
12. Sheng, G.; Chen, P.; Wei, Y.; Yue, H.; Chu, J.; Zhao, J.; Wang, Y.; Zhang, W.; Zhang, H.L. Viral infection increases the risk of

idiopathic pulmonary fibrosis: A meta-analysis. Chest 2020, 157, 1175–1187. [CrossRef]
13. Crisan-Dabija, R.; Pavel, C.A.; Popa, I.V.; Tarus, A.; Burlacu, A. “A chain only as strong as its weakest link”: An up-to-date

literature review on the bidirectional interaction of pulmonary fibrosis and COVID-19. J. Proteome Res. 2020. [CrossRef] [PubMed]
14. Chaudhary, S.; Natt, B.; Bime, C.; Knox, K.S.; Glassberg, M.K. Antifibrotics in COVID-19 lung disease: Let us stay focused. Front.

Med. 2020, 7, 539. [CrossRef] [PubMed]
15. Wallace, W.A.; Fitch, P.M.; Simpson, A.J.; Howie, S.E. Inflammation-associated remodelling and fibrosis in the lung—A process

and an end point. Int. J. Exp. Pathol. 2007, 88, 103–110. [CrossRef]
16. Chang, C.H.; Juan, Y.H.; Hu, H.C.; Kao, K.C.; Lee, C.S. Reversal of lung fibrosis: An unexpected finding in survivor of acute

respiratory distress syndrome. QJM 2018, 111, 47–48. [CrossRef]
17. Noble, P.W.; Barkauskas, C.E.; Jiang, D. Pulmonary fibrosis: Patterns and perpetrators. J. Clin. Investig. 2012, 122, 2756–2762.

[CrossRef]
18. Wong, A.W.; Fidler, L.; Marcoux, V.; Johannson, K.A.; Assayag, D.; Fisher, J.H.; Hambly, N.; Kolb, M.; Morisset, J.; Shapera, S.;

et al. Practical considerations for the diagnosis and treatment of fibrotic interstitial lung disease during the coronavirus disease
2019 pandemic. Chest 2020, 158, 1069–1078. [CrossRef] [PubMed]

19. Antoniou, K.M.; Raghu, G.; Tzilas, V.; Bouros, D. Management of patients with interstitial lung disease in the midst of the
COVID-19 pandemic. Respiration 2020, 99, 625–627. [CrossRef] [PubMed]

20. Wang, Y.; Dong, C.; Hu, Y.; Li, C.; Ren, Q.; Zhang, X.; Shi, H.; Zhou, M. Temporal changes of CT findings in 90 patients with
COVID-19 pneumonia: A longitudinal study. Radiology 2020, 296, E55–E64. [CrossRef]

21. Deng, L.; Khan, A.; Zhou, W.; Dai, Y.; Md, E.; Chen, R.; Cheng, G. Follow-up study of clinical and chest CT scans in confirmed
COVID-19 patients. Radiol. Infect. Dis. 2020. [CrossRef]

http://doi.org/10.1038/s41379-020-0603-3
http://doi.org/10.1016/S2213-2600(20)30225-3
http://doi.org/10.3390/jcm7120476
http://doi.org/10.3390/jcm9061917
http://www.ncbi.nlm.nih.gov/pubmed/32575380
http://doi.org/10.1152/ajplung.00146.2010
http://www.ncbi.nlm.nih.gov/pubmed/21239537
http://doi.org/10.1186/1755-1536-5-11
http://www.ncbi.nlm.nih.gov/pubmed/22824096
http://doi.org/10.1016/S0140-6736(16)00578-X
http://doi.org/10.21037/tlcr.2017.01.02
http://doi.org/10.1016/j.chest.2017.03.033
http://doi.org/10.1016/j.antiviral.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28390872
http://doi.org/10.1586/ers.10.73
http://doi.org/10.1016/j.chest.2019.10.032
http://doi.org/10.1021/acs.jproteome.0c00387
http://www.ncbi.nlm.nih.gov/pubmed/32883081
http://doi.org/10.3389/fmed.2020.00539
http://www.ncbi.nlm.nih.gov/pubmed/33072773
http://doi.org/10.1111/j.1365-2613.2006.00515.x
http://doi.org/10.1093/qjmed/hcx190
http://doi.org/10.1172/JCI60323
http://doi.org/10.1016/j.chest.2020.04.019
http://www.ncbi.nlm.nih.gov/pubmed/32333929
http://doi.org/10.1159/000509523
http://www.ncbi.nlm.nih.gov/pubmed/32841954
http://doi.org/10.1148/radiol.2020200843
http://doi.org/10.1016/j.jrid.2020.07.002


J. Clin. Med. 2021, 10, 2452 10 of 12

22. Barisione, E.; Grillo, F.; Ball, L.; Bianchi, R.; Grosso, M.; Morbini, P.; Pelosi, P.; Patroniti, N.A.; De Lucia, A.; Orengo, G.; et al.
Fibrotic progression and radiologic correlation in matched lung samples from COVID-19 post-mortems. Virchows Arch. 2020.
[CrossRef]

23. Huang, W.; Wu, Q.; Chen, Z.; Xiong, Z.; Wang, K.; Tian, J.; Zhang, S. The potential indicators for pulmonary fibrosis in survivors
of severe COVID-19. J. Infect. 2020. [CrossRef]

24. Revel, M.P.; Parkar, A.P.; Prosch, H.; Silva, M.; Sverzellati, N.; Gleeson, F.; Brady, A.; The European Society of Radiology (ESR);
The European Society of Thoracic Imaging (ESTI). COVID-19 patients and the radiology department—Advice from the European
Society of Radiology (ESR) and the European Society of Thoracic Imaging (ESTI). Eur. Radiol. 2020, 30, 4903–4909. [CrossRef]
[PubMed]

25. Li, Y.; Wu, J.; Wang, S.; Li, X.; Zhou, J.; Huang, B.; Luo, D.; Cao, Q.; Chen, Y.; Chen, S.; et al. Progression to fibrosing diffuse
alveolar damage in a series of 30 minimally invasive autopsies with COVID-19 pneumonia in Wuhan, China. Histopathology 2020.
[CrossRef]

26. Ojo, A.S.; Balogun, S.A.; Williams, O.T.; Ojo, O.S. Pulmonary fibrosis in COVID-19 survivors: Predictive factors and risk reduction
strategies. Pulm. Med. 2020, 2020, 6175964. [CrossRef] [PubMed]

27. George, P.M.; Barratt, S.L.; Condliffe, R.; Desai, S.R.; Devaraj, A.; Forrest, I.; Gibbons, M.A.; Hart, N.; Jenkins, R.G.; McAuley, D.F.;
et al. Respiratory follow-up of patients with COVID-19 pneumonia. Thorax 2020. [CrossRef] [PubMed]

28. Scelfo, C.; Fontana, M.; Casalini, E.; Menzella, F.; Piro, R.; Zerbini, A.; Spaggiari, L.; Ghidorsi, L.; Ghidoni, G.; Facciolongo, N.C. A
dangerous consequence of the recent pandemic: Early lung fibrosis following COVID-19 pneumonia—Case reports. Ther. Clin.
Risk Manag. 2020, 16, 1039–1046. [CrossRef]

29. Combet, M.; Pavot, A.; Savale, L.; Humbert, M.; Monnet, X. Rapid onset honeycombing fibrosis in spontaneously breathing
patient with COVID-19. Eur. Respir. J. 2020, 56. [CrossRef]

30. Tale, S.; Ghosh, S.; Meitei, S.P.; Kolli, M.; Garbhapu, A.K.; Pudi, S. Post COVID-19 pneumonia pulmonary fibrosis. QJM 2020.
[CrossRef]

31. Vasarmidi, E.; Tsitoura, E.; Spandidos, D.A.; Tzanakis, N.; Antoniou, K.M. Pulmonary fibrosis in the aftermath of the COVID-19
era (Review). Exp. Ther. Med. 2020, 20, 2557–2560. [CrossRef] [PubMed]

32. Cabrera-Benitez, N.E.; Laffey, J.G.; Parotto, M.; Spieth, P.M.; Villar, J.; Zhang, H.; Slutsky, A.S. Mechanical ventilation-associated
lung fibrosis in acute respiratory distress syndrome: A significant contributor to poor outcome. Anesthesiology 2014, 121, 189–198.
[CrossRef] [PubMed]

33. Cabrera-Benitez, N.E.; Parotto, M.; Post, M.; Han, B.; Spieth, P.M.; Cheng, W.E.; Valladares, F.; Villar, J.; Liu, M.; Sato, M.; et al.
Mechanical stress induces lung fibrosis by epithelial-mesenchymal transition. Crit. Care Med. 2012, 40, 510–517. [CrossRef]

34. Spagnolo, P.; Balestro, E.; Aliberti, S.; Cocconcelli, E.; Biondini, D.; Casa, G.D.; Sverzellati, N.; Maher, T.M. Pulmonary fibrosis
secondary to COVID-19: A call to arms? Lancet Respir. Med. 2020, 8, 750–752. [CrossRef]

35. Otoupalova, E.; Smith, S.; Cheng, G.; Thannickal, V.J. Oxidative stress in pulmonary fibrosis. Compr. Physiol. 2020, 10, 509–547.
[CrossRef]

36. Marini, J.J.; Gattinoni, L. Management of COVID-19 respiratory distress. JAMA 2020, 323, 2329–2330. [CrossRef]
37. Brochard, L.; Slutsky, A.; Pesenti, A. Mechanical ventilation to minimize progression of lung injury in acute respiratory failure.

Am. J. Respir. Crit. Care Med. 2017, 195, 438–442. [CrossRef]
38. Frizzelli, A.; Tuttolomondo, D.; Aiello, M.; Majori, M.; Bertorelli, G.; Chetta, A. What happens to people’s lungs when they get

coronavirus disease 2019? Acta Biomed. 2020, 91, 146–149. [CrossRef] [PubMed]
39. Shah, R.D.; Wunderink, R.G. Viral pneumonia and acute respiratory distress syndrome. Clin. Chest Med. 2017, 38, 113–125.

[CrossRef]
40. Booth, C.M.; Stewart, T.E. Severe acute respiratory syndrome and critical care medicine: The Toronto experience. Crit. Care Med.

2005, 33, S53–S60. [CrossRef]
41. Chen, C.Y.; Lee, C.H.; Liu, C.Y.; Wang, J.H.; Wang, L.M.; Perng, R.P. Clinical features and outcomes of severe acute respiratory

syndrome and predictive factors for acute respiratory distress syndrome. J. Chin. Med. Assoc. 2005, 68, 4–10. [CrossRef]
42. Fowler, R.A.; Lapinsky, S.E.; Hallett, D.; Detsky, A.S.; Sibbald, W.J.; Slutsky, A.S.; Stewart, T.E.; Toronto SARS Critical Care Group.

Critically ill patients with severe acute respiratory syndrome. JAMA 2003, 290, 367–373. [CrossRef]
43. Hui, D.S.; Memish, Z.A.; Zumla, A. Severe acute respiratory syndrome vs. the Middle East respiratory syndrome. Curr. Opin.

Pulm. Med. 2014, 20, 233–241. [CrossRef]
44. Lien, T.C.; Sung, C.S.; Lee, C.H.; Kao, H.K.; Huang, Y.C.; Liu, C.Y.; Perng, R.P.; Wang, J.H. Characteristic features and outcomes of

severe acute respiratory syndrome found in severe acute respiratory syndrome intensive care unit patients. J. Crit. Care 2008, 23,
557–564. [CrossRef]

45. Wang, J.T.; Sheng, W.H.; Fang, C.T.; Chen, Y.C.; Wang, J.L.; Yu, C.J.; Chang, S.C.; Yang, P.C. Clinical manifestations, laboratory
findings, and treatment outcomes of SARS patients. Emerg. Infect. Dis. 2004, 10, 818–824. [CrossRef]

46. Cantan, B.; Luyt, C.E.; Martin-Loeches, I. Influenza infections and emergent viral infections in intensive care unit. Semin. Respir.
Crit. Care Med. 2019, 40, 488–497. [CrossRef]

47. Delaney, J.W.; Fowler, R.A. 2009 influenza A (H1N1): A clinical review. Hosp. Pract. (1995) 2010, 38, 74–81.

http://doi.org/10.1007/s00428-020-02934-1
http://doi.org/10.1016/j.jinf.2020.09.027
http://doi.org/10.1007/s00330-020-06865-y
http://www.ncbi.nlm.nih.gov/pubmed/32314058
http://doi.org/10.1111/his.14249
http://doi.org/10.1155/2020/6175964
http://www.ncbi.nlm.nih.gov/pubmed/32850151
http://doi.org/10.1136/thoraxjnl-2020-215314
http://www.ncbi.nlm.nih.gov/pubmed/32839287
http://doi.org/10.2147/TCRM.S275779
http://doi.org/10.1183/13993003.01808-2020
http://doi.org/10.1093/qjmed/hcaa255
http://doi.org/10.3892/etm.2020.8980
http://www.ncbi.nlm.nih.gov/pubmed/32765748
http://doi.org/10.1097/ALN.0000000000000264
http://www.ncbi.nlm.nih.gov/pubmed/24732023
http://doi.org/10.1097/CCM.0b013e31822f09d7
http://doi.org/10.1016/S2213-2600(20)30222-8
http://doi.org/10.1002/cphy.c190017
http://doi.org/10.1001/jama.2020.6825
http://doi.org/10.1164/rccm.201605-1081CP
http://doi.org/10.23750/abm.v91i2.9574
http://www.ncbi.nlm.nih.gov/pubmed/32420938
http://doi.org/10.1016/j.ccm.2016.11.013
http://doi.org/10.1097/01.CCM.0000150954.88817.6
http://doi.org/10.1016/S1726-4901(09)70124-8
http://doi.org/10.1001/jama.290.3.367
http://doi.org/10.1097/MCP.0000000000000046
http://doi.org/10.1016/j.jcrc.2007.05.004
http://doi.org/10.3201/eid1005.030640
http://doi.org/10.1055/s-0039-1693497


J. Clin. Med. 2021, 10, 2452 11 of 12

48. Duggal, A.; Pinto, R.; Rubenfeld, G.; Fowler, R.A. Global variability in reported mortality for critical illness during the 2009–10
influenza A(H1N1) pandemic: A systematic review and meta-regression to guide reporting of outcomes during disease outbreaks.
PLoS ONE 2016, 11, e0155044. [CrossRef] [PubMed]

49. Dwyer, D.E.; Lynfield, R.; Losso, M.H.; Davey, R.T.; Cozzi-Lepri, A.; Wentworth, D.; Uyeki, T.M.; Gordin, F.; Angus, B.; Qvist,
T.; et al. Comparison of the outcomes of individuals with medically attended influenza A and B virus infections enrolled in 2
international cohort studies over a 6-year period: 2009–2015. Open Forum Infect. Dis. 2017, 4, ofx212. [CrossRef]

50. Kumar, A.; Zarychanski, R.; Pinto, R.; Cook, D.J.; Marshall, J.; Lacroix, J.; Stelfox, T.; Bagshaw, S.; Choong, K.; Lamontagne, F.;
et al. Critically ill patients with 2009 influenza A(H1N1) infection in Canada. JAMA 2009, 302, 1872–1879. [CrossRef]

51. Sarda, C.; Palma, P.; Rello, J. Severe influenza: Overview in critically ill patients. Curr. Opin. Crit. Care 2019, 25, 449–457.
[CrossRef]

52. Zha, L.; Shen, Y.; Pan, L.; Han, M.; Yang, G.; Teng, X.; Tefsen, B. Follow-up study on pulmonary function and radiological changes
in critically ill patients with COVID-19. J. Infect. 2020. [CrossRef] [PubMed]

53. Senga, M.; Arabi, Y.M.; Fowler, R.A. Clinical spectrum of the Middle East respiratory syndrome coronavirus (MERS-CoV). J.
Infect. Public Health 2017, 10, 191–194. [CrossRef]

54. Arnold, D.T.; Hamilton, F.W.; Milne, A.; Morley, A.J.; Viner, J.; Attwood, M.; Noel, A.; Gunning, S.; Hatrick, J.; Hamilton, S.; et al.
Patient outcomes after hospitalisation with COVID-19 and implications for follow-up: Results from a prospective UK cohort.
Thorax 2020. [CrossRef]

55. Burnham, E.L.; Hyzy, R.C.; Paine, R., 3rd; Coley, C., 2nd; Kelly, A.M.; Quint, L.E.; Lynch, D.; Janssen, W.J.; Moss, M.; Standiford,
T.J. Chest CT features are associated with poorer quality of life in acute lung injury survivors. Crit. Care Med. 2013, 41, 445–456.
[CrossRef]

56. Mo, X.; Jian, W.; Su, Z.; Chen, M.; Peng, H.; Peng, P.; Lei, C.; Chen, R.; Zhong, N.; Li, S. Abnormal pulmonary function in
COVID-19 patients at time of hospital discharge. Eur. Respir. J. 2020, 55. [CrossRef]

57. Venkataraman, T.; Coleman, C.M.; Frieman, M.B. Overactive epidermal growth factor receptor signaling leads to increased
fibrosis after severe acute respiratory syndrome coronavirus infection. J. Virol. 2017, 91. [CrossRef] [PubMed]

58. Richardson, S.; Hirsch, J.S.; Narasimhan, M.; Crawford, J.M.; McGinn, T.; Davidson, K.W.; Barnaby, D.P.; Becker, L.B.; Chelico,
J.D.; Cohen, S.L.; et al. Presenting characteristics, comorbidities, and outcomes among 5700 patients hospitalized with COVID-19
in the New York City area. JAMA 2020, 323, 2052–2059. [CrossRef]

59. Wu, C.; Chen, X.; Cai, Y.; Xia, J.; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; et al. Risk factors associated with acute
respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern.
Med. 2020, 180, 934–943. [CrossRef]

60. Chand, S.; Kapoor, S.; Orsi, D.; Fazzari, M.J.; Tanner, T.G.; Umeh, G.C.; Islam, M.; Dicpinigaitis, P.V. COVID-19-associated critical
illness-report of the first 300 patients admitted to intensive care units at a New York City Medical Center. J. Intensive Care Med.
2020, 35, 963–970. [CrossRef]

61. Burnham, E.L.; Janssen, W.J.; Riches, D.W.; Moss, M.; Downey, G.P. The fibroproliferative response in acute respiratory distress
syndrome: Mechanisms and clinical significance. Eur. Respir. J. 2014, 43, 276–285. [CrossRef] [PubMed]

62. American Thoracic Society. International consensus conferences in intensive care medicine: Ventilator-associated Lung Injury in
ARDS. This official conference report was cosponsored by the American Thoracic Society, The European Society of Intensive Care
Medicine, and The Societe de Reanimation de Langue Francaise, and was approved by the ATS Board of Directors, July 1999. Am.
J. Respir. Crit. Care Med. 1999, 160, 2118–2124. [CrossRef]

63. Kuchnicka, K.; Maciejewski, D. Ventilator-associated lung injury. Anaesthesiol. Intensive Ther. 2013, 45, 164–170. [CrossRef]
[PubMed]

64. Abou-Ismail, M.Y.; Diamond, A.; Kapoor, S.; Arafah, Y.; Nayak, L. The hypercoagulable state in COVID-19: Incidence, pathophys-
iology, and management. Thromb. Res. 2020, 194, 101–115. [CrossRef]

65. Sode, B.F.; Dahl, M.; Nielsen, S.F.; Nordestgaard, B.G. Venous thromboembolism and risk of idiopathic interstitial pneumonia: A
nationwide study. Am. J. Respir. Crit. Care Med. 2010, 181, 1085–1092. [CrossRef]

66. Grosse, C.; Grosse, A.; Salzer, H.J.F.; Dünser, M.W.; Motz, R.; Langer, R. Analysis of cardiopulmonary findings in COVID-19
fatalities: High incidence of pulmonary artery thrombi and acute suppurative bronchopneumonia. Cardiovasc. Pathol. 2020, 49,
107263. [CrossRef]

67. Radermecker, C.; Detrembleur, N.; Guiot, J.; Cavalier, E.; Henket, M.; d’Emal, C.; Vanwinge, C.; Cataldo, D.; Oury, C.; Delvenne,
P.; et al. Neutrophil extracellular traps infiltrate the lung airway, interstitial, and vascular compartments in severe COVID-19. J.
Exp. Med. 2020, 217. [CrossRef]

68. Chrysanthopoulou, A.; Mitroulis, I.; Apostolidou, E.; Arelaki, S.; Mikroulis, D.; Konstantinidis, T.; Sivridis, E.; Koffa, M.;
Giatromanolaki, A.; Boumpas, D.T. Neutrophil extracellular traps promote differentiation and function of fibroblasts. J. Pathol.
2014, 233, 294–307. [CrossRef]

69. Costela-Ruiz, V.J.; Illescas-Montes, R.; Puerta-Puerta, J.M.; Ruiz, C.; Melguizo-Rodríguez, L. SARS-CoV-2 infection: The role of
cytokines in COVID-19 disease. Cytokine Growth Factor Rev. 2020, 54, 62–75. [CrossRef]

70. Sun, X.; Wang, T.; Cai, D.; Hu, Z.; Liao, H.; Zhi, L.; Wei, H.; Zhang, Z.; Qiu, Y.; Wang, J. Cytokine storm intervention in the early
stages of COVID-19 pneumonia. Cytokine Growth Factor Rev. 2020, 53, 38–42. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0155044
http://www.ncbi.nlm.nih.gov/pubmed/27170999
http://doi.org/10.1093/ofid/ofx212
http://doi.org/10.1001/jama.2009.1496
http://doi.org/10.1097/MCC.0000000000000638
http://doi.org/10.1016/j.jinf.2020.05.040
http://www.ncbi.nlm.nih.gov/pubmed/32473229
http://doi.org/10.1016/j.jiph.2016.04.008
http://doi.org/10.1136/thoraxjnl-2020-216086
http://doi.org/10.1097/CCM.0b013e31826a5062
http://doi.org/10.1183/13993003.01217-2020
http://doi.org/10.1128/JVI.00182-17
http://www.ncbi.nlm.nih.gov/pubmed/28404843
http://doi.org/10.1001/jama.2020.6775
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.1177/0885066620946692
http://doi.org/10.1183/09031936.00196412
http://www.ncbi.nlm.nih.gov/pubmed/23520315
http://doi.org/10.1164/ajrccm.160.6.ats16060
http://doi.org/10.5603/AIT.2013.0034
http://www.ncbi.nlm.nih.gov/pubmed/24092514
http://doi.org/10.1016/j.thromres.2020.06.029
http://doi.org/10.1164/rccm.200912-1951OC
http://doi.org/10.1016/j.carpath.2020.107263
http://doi.org/10.1084/jem.20201012
http://doi.org/10.1002/path.4359
http://doi.org/10.1016/j.cytogfr.2020.06.001
http://doi.org/10.1016/j.cytogfr.2020.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32360420


J. Clin. Med. 2021, 10, 2452 12 of 12

71. McElvaney, O.J.; McEvoy, N.L.; McElvaney, O.F.; Carroll, T.P.; Murphy, M.P.; Dunlea, D.M.; Ní Choileáin, O.; Clarke, J.; O’Connor,
E.; Hogan, G. Characterization of the inflammatory response to severe COVID-19 illness. Am. J. Respir. Crit. Care Med. 2020, 202,
812–821. [CrossRef]

72. Sheppard, D. Transforming growth factor beta: A central modulator of pulmonary and airway inflammation and fibrosis. Proc.
Am. Thorac. Soc. 2006, 3, 413–417. [CrossRef]

73. Tamaki, S.; Mano, T.; Sakata, Y.; Ohtani, T.; Takeda, Y.; Kamimura, D.; Omori, Y.; Tsukamoto, Y.; Ikeya, Y.; Kawai, M. Interleukin-16
promotes cardiac fibrosis and myocardial stiffening in heart failure with preserved ejection fraction. PLoS ONE 2013, 8, e68893.
[CrossRef] [PubMed]

74. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;
Sehrawat, T.S. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef] [PubMed]

75. Tzouvelekis, A.; Harokopos, V.; Paparountas, T.; Oikonomou, N.; Chatziioannou, A.; Vilaras, G.; Tsiambas, E.; Karameris, A.;
Bouros, D.; Aidinis, V. Comparative expression profiling in pulmonary fibrosis suggests a role of hypoxia-inducible factor-1alpha
in disease pathogenesis. Am. J. Respir. Crit. Care Med. 2007, 176, 1108–1119. [CrossRef] [PubMed]

76. Higgins, D.F.; Kimura, K.; Bernhardt, W.M.; Shrimanker, N.; Akai, Y.; Hohenstein, B.; Saito, Y.; Johnson, R.S.; Kretzler, M.; Cohen,
C.D. Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesenchymal transition. J. Clin. Investig. 2007,
117, 3810–3820. [CrossRef]

77. Manresa, M.C.; Godson, C.; Taylor, C.T. Hypoxia-sensitive pathways in inflammation-driven fibrosis. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2014, 307, R1369–R1380. [CrossRef]

78. Budinger, G.R.S.; Mutlu, G.M. Balancing the risks and benefits of oxygen therapy in critically III adults. Chest 2013, 143, 1151–1162.
[CrossRef]

79. Tobin, M.J. Basing respiratory management of coronavirus on physiological principles. Am. J. Respir. Crit. Care Med. 2020.
[CrossRef]

80. Li, X.; Goobie, G.C.; Gregory, A.D.; Kass, D.J.; Zhang, Y. TOLL-interacting protein in pulmonary diseases: Abiding by the
goldilocks principle. Am. J. Respir. Cell Mol. Biol. 2020. [CrossRef]

81. Molyneaux, P.L.; Cox, M.J.; Wells, A.U.; Kim, H.C.; Ji, W.; Cookson, W.O.; Moffatt, M.F.; Kim, D.S.; Maher, T.M. Changes in the
respiratory microbiome during acute exacerbations of idiopathic pulmonary fibrosis. Respir. Res. 2017, 18, 29. [CrossRef]

82. Chen, J.Y.; Qiao, K.; Liu, F.; Wu, B.; Xu, X.; Jiao, G.Q.; Lu, R.G.; Li, H.X.; Zhao, J.; Huang, J.; et al. Lung transplantation as
therapeutic option in acute respiratory distress syndrome for coronavirus disease 2019-related pulmonary fibrosis. Chin. Med. J.
2020, 133, 1390–1396. [CrossRef]

83. Antonio, G.E.; Wong, K.T.; Hui, D.S.; Wu, A.; Lee, N.; Yuen, E.H.; Leung, C.B.; Rainer, T.H.; Cameron, P.; Chung, S.S.; et al.
Thin-section CT in patients with severe acute respiratory syndrome following hospital discharge: Preliminary experience.
Radiology 2003, 228, 810–815. [CrossRef]

84. Zhang, P.; Li, J.; Liu, H.; Han, N.; Ju, J.; Kou, Y.; Chen, L.; Jiang, M.; Pan, F.; Zheng, Y.; et al. Long-term bone and lung consequences
associated with hospital-acquired severe acute respiratory syndrome: A 15-year follow-up from a prospective cohort study. Bone
Res. 2020, 8, 8. [CrossRef]

85. Yu, M.; Liu, Y.; Xu, D.; Zhang, R.; Lan, L.; Xu, H. Prediction of the development of pulmonary fibrosis using serial thin-section
CT and clinical features in patients discharged after treatment for COVID-19 pneumonia. Korean J. Radiol. 2020, 21, 746–755.
[CrossRef] [PubMed]

86. Hu, Z.J.; Xu, J.; Yin, J.M.; Li, L.; Hou, W.; Zhang, L.L.; Zhou, Z.; Yu, Y.Z.; Li, H.J.; Feng, Y.M.; et al. Lower circulating
interferon-gamma is a risk factor for lung fibrosis in COVID-19 patients. Front. Immunol. 2020, 11, 585647. [CrossRef] [PubMed]

87. Das, K.M.; Lee, E.Y.; Singh, R.; Enani, M.A.; Al Dossari, K.; Van Gorkom, K.; Larsson, S.G.; Langer, R.D. Follow-up chest
radiographic findings in patients with MERS-CoV after recovery. Indian J. Radiol. Imaging 2017, 27, 342. [CrossRef] [PubMed]

88. Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.; Kline,
S.; et al. Remdesivir for the treatment of Covid-19—Final report. N. Engl. J. Med. 2020, 383, 1813–1826. [CrossRef] [PubMed]

89. Rochwerg, B.; Agarwal, A.; Zeng, L.; Leo, Y.S.; Appiah, J.A.; Agoritsas, T.; Bartoszko, J.; Brignardello-Petersen, R.; Ergan, B.; Ge,
L.; et al. Remdesivir for severe covid-19: A clinical practice guideline. BMJ 2020, 370, m2924. [CrossRef]

90. Horby, P.; Lim, W.S.; Emberson, J.R.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.; Elmahi, E.;
et al. Dexamethasone in hospitalized patients with Covid-19. N. Engl. J. Med. 2021, 384, 693–704. [CrossRef]

91. Huang, C.; Huang, L.; Wang, Y.; Li, X.; Ren, L.; Gu, X.; Kang, L.; Guo, L.; Liu, M.; Zhou, X. 6-month consequences of COVID-19 in
patients discharged from hospital: A cohort study. Lancet 2021, 397, 220–232. [CrossRef]

92. Lusczek, E.R.; Ingraham, N.E.; Karam, B.S.; Proper, J.; Siegel, L.; Helgeson, E.S.; Lotfi-Emran, S.; Zolfaghari, E.J.; Jones, E.; Usher,
M.G. Characterizing COVID-19 clinical phenotypes and associated comorbidities and complication profiles. PLoS ONE 2021,
16, e0248956. [CrossRef] [PubMed]

http://doi.org/10.1164/rccm.202005-1583OC
http://doi.org/10.1513/pats.200601-008AW
http://doi.org/10.1371/journal.pone.0068893
http://www.ncbi.nlm.nih.gov/pubmed/23894370
http://doi.org/10.1038/s41591-021-01283-z
http://www.ncbi.nlm.nih.gov/pubmed/33753937
http://doi.org/10.1164/rccm.200705-683OC
http://www.ncbi.nlm.nih.gov/pubmed/17761615
http://doi.org/10.1172/JCI30487
http://doi.org/10.1152/ajpregu.00349.2014
http://doi.org/10.1378/chest.12-1215
http://doi.org/10.1164/rccm.202004-1076ED
http://doi.org/10.1165/rcmb.2020-0470TR
http://doi.org/10.1186/s12931-017-0511-3
http://doi.org/10.1097/CM9.0000000000000839
http://doi.org/10.1148/radiol.2283030726
http://doi.org/10.1038/s41413-020-0084-5
http://doi.org/10.3348/kjr.2020.0215
http://www.ncbi.nlm.nih.gov/pubmed/32410413
http://doi.org/10.3389/fimmu.2020.585647
http://www.ncbi.nlm.nih.gov/pubmed/33133104
http://doi.org/10.4103/ijri.IJRI_469_16
http://www.ncbi.nlm.nih.gov/pubmed/29089687
http://doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
http://doi.org/10.1136/bmj.m2924
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.1016/S0140-6736(20)32656-8
http://doi.org/10.1371/journal.pone.0248956
http://www.ncbi.nlm.nih.gov/pubmed/33788884

	Introduction 
	Definition and Classification of Interstitial Lung Disease (ILD) 
	Post-COVID Pulmonary Fibrosis 
	Etiology and Pathophysiology 
	Viral Pneumonia and Pneumonitis 
	Post-ARDS Pulmonary Fibrosis 
	Direct Trauma from Mechanical Ventilation 
	Thromboembolism 
	Pro-Inflammatory State 
	Role of Oxygen 
	Other Possibilities 

	Patterns of Progression of PCPF 
	Risk Factors for PCPF 
	Strategies for Mitigation of Risk 
	Conclusions 
	References

