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Abstract
Acute manifestations of SARS-CoV-2 infection continue to impact the lives of many across the world.
Post-acute sequelae of coronavirus disease 2019 (COVID-19) may affect 10–30% of survivors of COVID-
19, and post-acute sequelae of COVID-19 (PASC)-pulmonary fibrosis is a long-term outcome associated
with major morbidity. Data from prior coronavirus outbreaks (severe acute respiratory syndrome and
Middle East respiratory syndrome) suggest that pulmonary fibrosis will contribute to long-term respiratory
morbidity, suggesting that PASC-pulmonary fibrosis should be thoroughly screened for through pulmonary
function testing and cross-sectional imaging. As data accumulates on the unique pathobiologic mechanisms
underlying critical COVID-19, a focus on corollaries to the subacute and chronic profibrotic phenotype
must be sought as well. Key aspects of acute COVID-19 pathobiology that may account for increased rates
of pulmonary fibrosis include monocyte/macrophage–T-cell circuits, profibrotic RNA transcriptomics,
protracted elevated levels of inflammatory cytokines, and duration of illness and ventilation. Mechanistic
understanding of PASC-pulmonary fibrosis will be central in determining therapeutic options and will
ultimately play a role in transplant considerations. Well-designed cohort studies and prospective clinical
registries are needed. Clinicians, researchers and healthcare systems must actively address this complication
of PASC to minimise disability, maximise quality of life and confront a post-COVID-19 global health crisis.

Introduction
The outbreak of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) responsible for
coronavirus disease 2019 (COVID-19) was first reported on 31 December 2019 in the Hubei province in
China. Since that time, SARS-CoV-2 has spread globally with a devastating impact on both the health and
economies of most nations. The World Health Organization (WHO) reports that as of 1 October 2021 there
have been approximately 232 million confirmed cases and 4.8 million deaths from COVID-19 globally. As
of the same date, in North America, there have been 47 million confirmed cases and 984000 deaths.
These North American estimates represent about 20% of the global case and mortality burden, despite
North America having about 5% of the total world’s population. The mortality figures fail to capture the
impact of the infection on the 40 million individuals in North America at risk for the development of
post-acute sequelae of COVID-19 (PASC), which by some estimates, affects 10–30% survivors of COVID-19
[1]. PASC has been defined as persistent symptoms and/or long-term complications of SARS-CoV-2 more
than 4 weeks after the initial onset of symptoms [2].

Two of the complications of COVID-19 that have the risk of causing post-acute sequelae are those of
acute respiratory distress syndrome (ARDS) and COVID pneumonia [3, 4]. The likelihood of these
complications are greater in those of older age, male sex, and with chronic comorbid medical conditions [3].
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Evidence on the subacute and long-term sequelae of COVID-19 are accumulating. Pulmonary fibrosis is
the most severe manifestation of post-infectious lung injury and has a profound long-term impact on
patients’ respiratory health. In addition to age and chronic comorbid conditions, the need for invasive or
noninvasive mechanical ventilation, and female sex are some identified risk factors of respiratory PASC [2, 4].

In this review we present what has been published thus far to describe pulmonary fibrosis as a phenotype
of PASC (hereafter referred to as PASC-pulmonary fibrosis) and discuss the implications for future
discovery and treatment.

Pulmonary fibrosis in the context of SARS and MERS
The recent coronavirus outbreaks (the severe acute respiratory syndrome (SARS) epidemic of 2003 and the
Middle East respiratory syndrome (MERS) outbreak of 2012) have demonstrated that persistent respiratory
symptoms and radiographic abnormalities continue beyond the period of acute illness. At 6 months, 33 of
110 survivors of SARS showed persistent radiographic abnormalities and reductions in forced vital
capacity (FVC), total lung capacity and transfer capacity [5]. A prospective 15-year study of healthcare
workers infected with SARS during the 2003 epidemic revealed that radiographic changes that had not
resolved within the first 2 years after acute infection tended to plateau and radiographic abnormalities
correlated with continued impairment in diffusion capacity on lung function testing [6]. There are similar
findings from studies that emerged from the MERS outbreak in 2012. DAS et al. [7] revealed persistent
imaging abnormalities (ground-glass opacities) at 1-year post-acute infection in 55 individuals and showed
that a chest radiographic score both correlated and was an independent predictor of mortality.

The ongoing nature of the COVID-19 pandemic and the lack of consensus with regard to screening and
diagnosis for the spectrum of PASC phenotypes makes the reporting on the magnitude of
PASC-pulmonary fibrosis incomplete. Given the genetic homology between SARS-CoV-2 with both
SARS and MERS (79% and 50%, respectively), there may be a similar and possibly increased likelihood
of long-term pulmonary complications after COVID-19 [8–10]. SARS-CoV-2 has infected greater than 5
orders of magnitude more patients than either SARS or MERS. Therefore, it is expected that the global
burden of PASC-pulmonary fibrosis and subsequent respiratory morbidity will be of significant impact on
patients and society.

Incidence and natural history
Pre-pandemic context
Prior to the COVID-19 pandemic, studies in the low-tidal volume ventilation era of ARDS suggested that
between 20 and 40% of survivors of ARDS suffer persistent symptoms of breathlessness or reduced
quality of life [11, 12]. In a study by WILCOX et al. [13], 20 of 24 (75%) survivors of ARDS with 5-year
follow-up high-resolution computed tomography (HRCT) images had abnormal radiographic findings.
Initially, persistent radiographic abnormalities were only loosely correlated with worsened quality of life
[11, 12]. Subsequently, BURNHAM et al. [14] analysed prospective data of patients enrolled in a randomised
control trial of acute lung injury and concluded that persistent HRCT abnormalities were correlated with
worsened pulmonary-specific health-related quality of life as assessed by the St. George’s Respiratory
Questionnaire (SGRQ) surveys. This group also showed that reticular infiltrates 14 days after acute lung
injury predicted poorer quality of life at 180 days, even while controlling for other potential covariates [14].

COVID-19 pandemic context
In the context of the COVID-19 pandemic, up to 40% of infected individuals may develop viral
pneumonia and 20% of these cases can develop severe ARDS [15]. Early in the pandemic, investigators
postulated that acute COVID-19 infection leads to an abnormal form of ARDS [16]. However, studies have
demonstrated that patients with acute COVID-19 pneumonia requiring mechanical ventilation exhibit a
similar clinical phenotype and respiratory mechanics to other forms of ARDS [17]. A key distinction is
that, compared with patients mechanically ventilated for influenza pneumonia, patients intubated for
respiratory failure from SARS-CoV-2 pneumonia have an approximately 3-fold longer duration of
mechanical ventilation (14 days as compared with 4 days) [18]. Additional studies have reported a similar
duration of mechanical ventilation and intensive care unit (ICU) stay [19–21]. In North America, reports
from survivors of COVID-19 in the Michigan COVID-19 initiative (MI-COVID19) reported that among
488 participants who completed a follow-up survey, 33% had persistent symptoms and 19% had
worsening symptoms. The most common symptom described was breathlessness while walking up stairs
(23%) [22]. Respiratory PASC symptoms are also reported in similar frequencies in Europe after 60 days
and in China over a 6-month follow-up period [4, 23–25]. Among these studies, HUANG and colleagues [4]
reported that disease severity, requirement for invasive or noninvasive ventilation, and female sex were risk
factors for the development of respiratory PASC symptoms. At this time, there is limited guidance to
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clinicians on the appropriate timing of follow-up, screening and imaging for individuals with persistent or
new respiratory symptoms after COVID-19 infection.

Screening for PASC-pulmonary fibrosis
Pulmonary function testing
Screening studies of pulmonary function changes from the prior coronavirus outbreaks lend some
background as to how to approach screening during the current COVID-19 pandemic. Pulmonary function
testing (PFT) during the SARS and MERS outbreaks showed evidence of persistent limitations in diffusion
capacity and restrictive physiology. The applicability of these types of studies are often confounded by the
lack of baseline testing [26–28]. In the same light, there have been many reports suggesting impaired
diffusion and restrictive physiology in lung function testing after acute COVID-19 [25, 29–31]. These
reports have also been hindered by both a lack of baseline testing and nonuniformity in timing from acute
illness of follow-up assessment. Acknowledging the limitations of heterogeneity in study design, lack of
baseline testing and timing of assessments, a recent meta-analysis and systematic review by TORRES-CASTRO

et al. [32] found decreased diffusing capacity in 39%, a restrictive ventilatory pattern in 15%, and an
obstructive ventilatory pattern in 7% of COVID-19 survivors.

The British Thoracic Society recommends obtaining PFTs at 3 months post-discharge in all survivors of
critical COVID-19 and recommends PFTs in those with mild to moderate disease if they have abnormal
radiographic imaging [33]. Similar guidance is given by the Swiss Society of Pulmonology [34] but such
statements are lacking, at this time, from leading North American Thoracic Societies. Data in
uncomplicated influenza A infection, as well as a recent study with a younger, less symptomatic acute
COVID-19 group suggest that even a minimally symptomatic population may suffer from reduced lung
function and impaired gas transfer 1–2 months after acute illness [35, 36]. As such, we recommend lung
function testing in all patients with acute COVID-19 seeking care for PASC (table 1). This may serve as a
baseline to facilitate comparison if future lung disease were to develop.

Imaging
Radiographic features of acute COVID-19 infection have been a major area of research throughout the
pandemic. Early studies focused on unique radiographic features and described findings of bilateral ground-
glass opacities, often peripherally located, affecting all lobes [37]. Interestingly, fibrotic parenchymal
changes have been documented in the context of both subacute COVID-19 and chronic COVID-19-related
respiratory failure. For example, 21 of 62 patients (33.9%) with acute COVID-19 had computed
tomography (CT) evidence of fibrotic changes that were more commonly discovered between 8 and
14 days than in under 7 days from symptom onset [37]. Findings compatible with fibrosis appear to
develop early in the recovery process and even during protracted acute disease. YU et al. [38] analysed CT
scans of 32 patients during their acute infection and 9 days after discharge and showed that 44% of all
these patients had parenchymal bands and 41% had irregular interface, consistent with early signs of
fibrosis. One study of 24 patients who underwent chest CT scanning an average of 36 days after
hospitalisation for COVID-19 infection demonstrated 62% of patients with some evidence of pulmonary
fibrosis [39]. Another study demonstrated abnormalities in 63% of HRCTs at 2 months, of which 42%
were ground glass and 19% were fibrotic type lesions [40]. A single centre study reporting on survivors of
moderate to severe COVID-19 during the first wave of the pandemic showed 72% of patients had

TABLE 1 Recommended screening for PASC-pulmonary fibrosis more than 1 month after acute COVID-19

Screening exam

Severity of acute COVID-19 PFTs CXR HRCT

Asymptomatic and no PASC + − −
Mild disease and no PASC + +/− −
Mild disease with PASC + − +
Moderate/severe disease – regardless of PASC + − +

We advocate for the use of screening PFT in all patients after COVID-19. In the instance of mild acute COVID-19
symptoms and no PASC symptoms, plain radiographs can be used to follow-up abnormal initial imaging. For
those with moderate to severe acute COVID-19 disease (regardless of PASC symptoms), we recommend both
PFT and cross-sectional imaging, often with the use of HRCT. PASC: post-acute sequelae of COVID-19; COVID-19:
coronavirus disease 2019; PFT: pulmonary function testing, CXR: plain film chest radiograph, HRCT:
high-resolution computed tomography.
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radiographic evidence of fibrotic-like changes (reticular pattern or honeycombing) at 6 months [41].
Figure 1 highlights the variety of findings described in cross-sectional imaging from our institutional
experience with PASC.

In patients with respiratory PASC, MANDAL et al. [42] showed that 38% of patients assessed at a median of
54 days post-discharge had chest radiographic abnormalities, with 9% of those having worsening
radiographic abnormalities over the follow-up period. In a large cohort of patients from Wuhan, China,
over 50% of patients who underwent CT scans 6 months after admission had abnormal radiographic
findings; pulmonary interstitial changes, reported as ground-glass opacities and irregular lines, were the
most common findings [4]. In patients with severe acute symptoms of COVID-19 evidence of radiographic
fibrosis, bronchial dilatation, parenchymal bands and coarse subpleural reticulation without honeycombing
are common [43].

The prospect that persistent or worsening radiographic abnormalities are missed on plain films, when
compared with cross-sectional imaging, was underscored by D’CRUZ et al. [44]. This group demonstrated
that although 13% of patients in their study had evidence of COVID-19-related lung disease on chest
radiographs, 46% of participants reported higher post-infection breathlessness scores, and 75% of those
patients who went on to have CT scans were seen to have interstitial lung disease and/or airways disease [44].

Screening for pulmonary fibrosis in patients with persistent breathlessness after acute COVID-19 is
currently dictated by a high index of suspicion, close medical follow-up and a combination of dedicated
PFT and cross-sectional imaging. Plain radiographs and delayed follow-up may miss patients with
persistent pulmonary morbidity. We agree, like SOLOMON et al. [45], that there should be standardisation
with regard to CT appearances in PASC such as 1) predominantly ground glass; 2) predominantly fibrotic;
and 3) mixed ground glass and fibrotic.

Pathophysiology and mechanisms
The underlying pathology of acute COVID-19 and PASC-pulmonary fibrosis has yet to be elucidated fully;
however, there are relevant inferences that can be drawn from the literature on pulmonary fibrosis and
recent pathobiologic mechanistic understanding during the current pandemic. Pulmonary fibrosis can occur
in the setting of maladaptive resolution of lung injury or exaggeration of the reparative process [46].
Despite a myriad of initial pulmonary or extrapulmonary insults that result in ARDS, there may be a
common downstream pathway that culminates in fibrosis. This pathway may be exacerbated by the
production of cytokines from lung epithelial cells and macrophages or result from injurious mechanical
ventilation [47, 48]. One recognised pathway in the distortion and remodelling of the pulmonary
architecture relies on the fibroblast; a cell central to the fibrotic process [49]. Fibroblasts respond to

b) c)

d) e)

a)

f)

FIGURE 1 Radiographic features of PASC. Representative radiographic findings from CT scans collected at least
30 days after COVID-19 infection collected from the Post-COVID Registry at our centre. a) Dense consolidations.
b) Patchy ground consolidation and ground glass with atoll sign. c) Diffuse ground-glass opacities. d) Fibrosis
with honeycomb changes in the left upper lobe. e) Ground glass and reticular changes. f ) Ground glass,
reticulation and a pneumatocele. COVID-19: coronavirus disease 2019; CT: computed tomography; PASC:
post-acute sequelae of COVID-19.
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alveolar injury, migrate to the alveolar space, secrete and regulate the extracellular matrix, and can
differentiate into myofibroblasts [50]. Fibroblasts are sensitive to many inflammatory cytokines, notably
interleukin (IL)-1β, IL-6, transforming growth factor (TGF)-β1; some of which are known to be
upregulated during acute COVID-19 [51].

A second pathway in the fibrotic process relies on the unique roll that profibrotic monocyte-derived
alveolar macrophages (MoAMs) play in pulmonary fibrosis [52, 53]. These macrophages stimulate and
form reciprocal circuits with fibroblasts. Macrophages secrete platelet-derived growth factor A (PDGFA) to
stimulate fibroblasts, and in turn, fibroblasts secrete macrophage colony-stimulating factor (M-CSF) to
recruit further MoAMs. This process serves to maintain the circuit in an attempt to repair the epithelial

a) Primary infection c) PASC-pulmonary fibrosis

b) COVID-19 ARDS
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FIGURE 2 Temporal unfolding of primary COVID-19 infection, COVID-19 ARDS and PASC-pulmonary fibrosis.
a) SARS-CoV-2 infects AEC-IIs and TRaMs. Infected TRaMs express T-cell and monocyte chemokines.
CoV-reactive T-cells recognise SARS-CoV-2 antigens and secrete IFN-γ. b) This results in death of TRaMs,
proliferation of CoV-reactive T-cells and recruitment of monocytes, which become MoAMs. MoAMs become
infected with SARS-CoV-2 and form a loop with CoV-reactive T-cells to create a replenishing circuit.
c) Prolonged disease, duration of mechanical ventilation and exposure to higher level of cytokines transition
the acute process of alveolar damage to fibroproliferative injury. Fibroblasts respond to the chronically
elevated levels of cytokines to expand the ECM with matrix proteins. A circuit between MoAMs and fibroblasts
may exist to promote fibrosis and differentiation of fibroblasts to myofibroblasts. AEC-I: type 1 alveolar
epithelial cells; AEC-II: type 2 alveolar epithelial cells; ARDS: acute respiratory distress syndrome; COVID-19:
coronavirus disease 2019; CoV-reactive T-cell: COVID-reactive T-cell; ECM: extracellular matrix; IFN: interferon;
MoAM: monocyte-derived alveolar macrophage; PASC: post-acute sequelae of COVID-19; RBC: red blood cell;
TRaM: tissue resident alveolar macrophages.
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injury [53]. Failed repair processes allow these signalling feedback loops to maladaptively persist,
eventually filling the alveolar interstitium and alveoli with matrix proteins and fibroblasts (figure 2c).

PASC-pulmonary fibrosis may develop in patients who have cleared the virus and, as such, direct viral
cytopathologic injury is unlikely to play a large pathobiologic role. However, rates of identified or often
unidentified secondary pulmonary infections may play a role in injury and failure of the repair process
resulting in increased risk of fibrosis. Rates of secondary pulmonary infections have been reported to range
from 16% to 21% [54, 55]. Further, mechanisms that are responsible for acute lung injury may be
responsible for chronic lung injury and maladaptive repair mechanisms leading to fibrosis. In acute
COVID-19 respiratory failure, GRANT et al. [18] described autonomous circuits between infected tissue
resident alveolar macrophages (TRaMs), MoAMs and T-cells, noting increased levels of genetic transcripts
for interferon response genes, T-cell chemokines, and IL1β (figure 2b). These gene transcript levels have
also been corroborated by increased levels of measured cytokines in acute COVID-19 including IL-1β,
interferon (IFN)-γ, IL-7–9, granulocyte-macrophage colony-stimulating factor, and tumour necrosis factor
(TNF)-α [56]. Similar levels of cytokines were also reported in the prior SARS pandemic and do not
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FIGURE 3 Avenues of future investigation into hallmarks of PASC-pulmonary fibrosis. Prospective future
investigation should focus on the elucidating the contribution of unique pathobiologic factors (circuits between
monocytes–T-cells, monocytes–fibroblasts), protracted elevations in cytokine levels, clinical factors (disease
duration, NIV/IMV duration, secondary pneumonias) and use of adjunctive therapies for acute disease or
PASC-organising pneumonia (immunomodulators such as glucocorticoids or anti-interleukin-6 antagonists) on
the incidence, pathology and natural history of PASC-pulmonary fibrosis. IMV: invasive mechanical ventilation;
NIV: noninvasive ventilation; PASC: post-acute sequelae of COVID-19.

https://doi.org/10.1183/16000617.0194-2021 6

EUROPEAN RESPIRATORY REVIEW COVID-19 | R.J. MYLVAGANAM ET AL.



appear to be different from patients with influenza pneumonia [18, 57]. However, distinctive to the current
SARS-CoV-2 pandemic may be the duration of the exposure to elevated levels of cytokines. BUDINGER

et al. [58] postulate a prolonged phenotype of a slowly unfolding, spatially-limited inflammatory alveolitis.
In this model, the prolonged exposure to elevated levels of cytokines is key in distinguishing COVID-19
pneumonia from influenza pneumonia, and may partly account for other manifestations of acute
COVID-19. These pathobiologic findings are of significant interest in the understanding of
PASC-pulmonary fibrosis. For example, if profibrotic monocytes interact through cytokine signalling with
fibroblasts to promote fibrotic repair processes, the aforementioned circuit between T-cells and monocytes/
macrophages of acute COVID-19 may contribute to the fibroblastic response of PASC-pulmonary fibrosis.
It is these circuits that may play a central role in modulating the lung response to injury and may be pivotal
to understanding the pathobiology of PASC-pulmonary fibrosis (figure 2).

Altogether there is concern that the protracted nature of acute COVID-19, persistence of high levels of
cytokines, monocyte/macrophage and T-cell circuits stimulating potential circuits between monocytes and
fibroblasts, coupled with the extended duration of mechanical ventilation, could combine to promote a
milieu in the alveoli with an increased likelihood of PASC-pulmonary fibrosis. An aspect of future
investigation will be the study of biomarkers and the correlation with PASC-pulmonary fibrosis. Already,
groups have identified serum and plasma levels of lipocalin-2, matrix metalloproteinase 7, hepatocyte
growth factor, Krebs von den Lungen-6, and leukocyte telomere length that track with abnormal imaging
and are inversely correlated to PASC lung function [59–61]. Further research should include elucidating
the contribution of relevant acute clinical risk factors of COVID-19 (i.e. duration of illness, receipt of
invasive or noninvasive ventilation, use of corticosteroids, selective cytokine inhibitors, adjunct therapies,
etc.) on the likelihood of PASC-pulmonary fibrosis (figure 3). For example, we have pursued respiratory
PASC endotyping by integrating clinical data and objective quantitative CT scan analysis with flow
cytometry, cytokine measurements and single-cell RNA sequencing of bronchoalveolar lavage fluid in an
effort to develop prediction models for PASC-pulmonary fibrosis (figure 4).

Integrative endotype assessment associated with 

disease resolution or progression

Flow cytometry, cytokine analysis, scRNA sequencing

Bronchoalveolar lavage and nasal epithelial curettage

Research 

bronchoscopy

Baseline CT chest (all subjects)Clinical phenotype

Patients with respiratory PASC

CT with lung injury

Follow-up CT

(at 6 and 12 months)

Quantitative CT 

scan analysis

Normal lung parenchyma

FIGURE 4 Our institutional protocol for endotyping the spectrum of respiratory PASC and prediction tools for
PASC-pulmonary fibrosis. Patients referred for evaluation of respiratory PASC are phenotyped clinically and
baseline cross-sectional images are obtained. Those with radiographic evidence of lung injury are offered
bronchoscopy and nasal epithelial curettage. Those without radiographic lung injury are offered a research
bronchoscopy as a control population. Follow-up cross-sectional images are obtained at pre-defined 6 month
intervals and assessed quantitatively. Finally clinical, radiographic, and molecular data are integrated in an
effort to study who will develop chronic lung diseases including PASC-pulmonary fibrosis. COVID-19:
coronavirus disease 2019; CT: computed tomography; PASC: post-acute sequelae of COVID-19; scRNA: single-cell
RNA sequencing.

https://doi.org/10.1183/16000617.0194-2021 7

EUROPEAN RESPIRATORY REVIEW COVID-19 | R.J. MYLVAGANAM ET AL.



Pathologic findings
Pathologic specimens from patients surviving with PASC-pulmonary fibrosis have yet to be reported on
but, as above, inferences can be drawn from autopsy series of patients with ARDS, pathologic specimens
of patients with acute COVID-19, and patients with COVID-19 who underwent lung transplantation due to
irreversible lung damage and fibrosis. In an autopsy series of 159 patients with non-COVID-19 ARDS,
THILLE and colleagues [62] demonstrated that the longer the duration of illness the more likely the
individual to have histologic signs of fibrosis. This group showed a striking 61% of patients with fibrotic
histologic patterns when their disease duration was greater than 3 weeks. Whether the extent of acute
injury or the duration of acute/subacute inflammation drove the fibrotic process remains to be understood.
One study utilising bronchoscopic cryobiopsies of 12 patients with acute COVID-19 within 20 days of
symptom onset showed epithelial and endothelial changes that were distinct and not reminiscent of either
interstitial lung disease or diffuse alveolar damage [63]. In acute COVID-19, autopsy series of patients
who died within 7–14 days describe exudative and proliferative diffuse alveolar damage (the histologic
correlate to ARDS) [64–67]. In these series, which represent short durations of disease, there were minimal
features of the fibrotic phase. A review of lung samples from 131 cases by POLAK et al. [68] showed that
while epithelial (85%) and microvascular (59%) changes were the main histologic patterns, fibrotic
histologic patterns were found in 22% of cases. They noted that fibrotic histologic patterns were more
common after 3 weeks of disease [68].

On the spectrum of acute to chronic COVID-19 disease, some patients may develop rapid, fulminant lung
injury and fibrosis [69]. Histologic review of anatomic specimens after explantation for lung transplantation
provide evidence of prolonged and extensive fibrotic lung injury. BHARAT et al. [70] demonstrated
extensive injury and fibrosis in three patients undergoing lung transplantation for end-stage fibrosis
secondary to COVID-19 (50–100 days after initiation of mechanical ventilation) and two post mortem
autopsies in patients with COVID-19 who underwent prolonged mechanical ventilation (40 and 100 days
after mechanical ventilation). Histologic and single-cell RNA sequencing were compared between these
two groups and those with idiopathic pulmonary fibrosis undergoing lung transplantation. They showed
similarities in gene expression profiles among those with end-stage COVID-19 and those with end-stage
pulmonary fibrosis, suggesting a common pathobiologic mechanism [70].

Role for antifibrotic medications
There are two oral, commercially available antifibrotic medications to treat progressive pulmonary fibrotic
conditions: pirfenidone and nintedanib. Both medications have been shown to slow the rate of decline of
FVC by about 50%, having some effects measurable by as early as 4–6 weeks after initiation [71–73]. The
use of antifibrotic therapy has extended beyond idiopathic pulmonary fibrosis to other forms of progressive
pulmonary fibrotic processes, as was shown in the INBUILD study [63]. The roles for antifibrotic
medication in both acute COVID-19 and PASC-pulmonary fibrosis remain to be determined and are being
explored in ongoing clinical trials (for example, NCT04607928, NCT04619680, NCT04856111 and
NCT04799743). In the acute COVID-19 setting, there is equivocal biological rationale for the use of
antifibrotic medications: the prolonged nature of infection, the prevalence of early reticular changes, and
the benefit of early initiation of antifibrotic medications on delayed FVC decline [74]. A small study in
Japan of patients with acute COVID-19 requiring mechanical ventilation demonstrated that the use of
nintedanib as compared with a historical COVID-19 control group resulted in reduced duration of
mechanical ventilation and reduced percentages of high attenuation areas on CT at time of liberation from
mechanical ventilation [75]. In the long term, the use of antifibrotic medications will need to be weighed
against future evidence of whether the PASC-pulmonary fibrotic parenchymal process remains stable,
becomes progressive or has a likelihood to improve.

Impact of immunosuppression on fibrosis
Currently, in acute COVID-19, glucocorticoids and IL-6 antagonists are therapies that have a positive
impact on acute disease, but implications for PASC and pulmonary fibrosis remain unanswered. The initial
UK-based RECOVERY trial, followed by several other randomised control trials and subsequent
WHO-sponsored meta-analysis, demonstrated the benefit of glucocorticoid therapy in the management of
hypoxaemic acute COVID-19 respiratory failure, with a benefit that correlates to a lower 28-day all-cause
mortality [19, 76]. Similarly, a WHO-sponsored meta-analysis of 27 randomised control trials highlights a
lower 28-day all-cause mortality in hospitalised patient’s treated with IL-6 antagonists [77]. The effects that
nonselective and selective immunosuppression with glucocorticoids and selective interleukin inhibition
have on PASC-pulmonary fibrosis have not yet been described. It nevertheless remains plausible that with
the use of immunomodulatory agents that result in decreased inflammation and decreased duration of
mechanical ventilation, some of the risk for pulmonary fibrosis may be mitigated.
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A corollary to understanding immunomodulation on PASC-pulmonary fibrosis will be the study of PASC
patients with organising pneumonia or eosinophilic pneumonia. A subgroup of patients with PASC have
radiographic abnormalities consistent with organising pneumonia [78, 79]. It is not yet known how
widespread this phenomenon is, but it has been described in patients with difficulty weaning from mechanical
ventilation or with persistent hypoxaemia months after the acute infection [80]. These patients respond
relatively well to glucocorticoid therapy, and it has been postulated that this phenomenon is under-recognised
[81, 82]. It is unclear if the phenomenon of COVID-19-related organising pneumonia is mechanistically
linked to the development of pulmonary fibrosis, and if treatment with corticosteroids may lessen the risk
for PASC-pulmonary fibrosis, but these hypotheses deserve careful evaluation in future studies.

Role for lung transplantation
While extracorporeal membrane oxygenation (ECMO) has become the standard of care for select patients in
the management in viral pneumonia with ARDS, lung transplant has historically been rarely performed in
subacute post-viral fibrotic ARDS. Our centre first transplanted the lungs of a 29-year old with devastating
COVID-19 lung destruction/fibrosis in June 2020 and has completed to date 29 lung transplants for patients
with irreversible lung disease due to COVID-19 [69, 70]. The International Society for Heart and Lung
Transplantation consensus guidelines do not make specific statements regarding patient selection in ARDS
and outcomes are limited to multicentre experiences [83]. As a result, long-term outcomes for lung
transplantation in ARDS are generally less studied than for chronic lung diseases [84, 85]. Further, there are
several unique considerations that need to be taken into account [69]. Of particular note, there is uncertainty
about the chances of meaningful lung function recovery for a given individual with PASC-pulmonary
fibrosis. This area is in need of research to identify clinical or molecular tools to help prognosticate
recovery. At present, the decision to pursue transplantation necessitates a judgement of the treating
healthcare team about what constitutes an appropriate timeframe to evaluate patients for lung transplant.

Additionally, the need for deep sedation and often neuromuscular blockade can make participation in
discussion about lung transplant with these patients difficult or impossible, even with the use of
tracheostomy and ECMO to facilitate sedation weaning. Psychosocial evaluation is therefore dependent on
collateral input and support from family and friends. In many cases, this population has not had close
contact with the medical environment, so the abrupt life change of being post-transplant upon awakening
from surgery is a psychologically difficult transition.

Conclusion
Pulmonary fibrosis may occur in a number of different clinical settings. Pulmonary fibrosis due to a
SARS-CoV-2 infection can lead to considerable morbidity. Due to the global burden of COVID-19 and
the virulence of SARS-CoV-2, pulmonary fibrosis will affect the lives of hundreds of thousands of patients
within North America alone. Future studies are needed to clarify the natural history of this complication,
describe its pathophysiology and assess the clinical and psychosocial impact on patients. Additional
research avenues should include clinical and serologic phenotyping of patients with PASC-pulmonary
fibrosis, with thorough epidemiologic identification of unique risk factors. Well-designed cohort studies
and prospective clinical trials that enrol patients with acute COVID-19 and then follow these patients
longitudinally over months and years after their infection are needed.

Clinicians around the world have developed multidisciplinary clinics to care for patients suffering from the
sequelae of COVID-19 infection. It is crucial that these clinics collaborate to screen for and investigate
PASC-pulmonary fibrosis. Biospecimen collection from patients at multiple time points as they recover
from acute illness and progress to fibrosis will be the key to fully characterising the fibrotic process and
may reveal targets for therapeutic interventions.

There are currently no proven therapeutic options for patients who develop PASC-pulmonary fibrosis.
Clinicians, researchers and healthcare systems must meet this challenge urgently to minimise disability,
maximise quality of life and prevent another global health disaster.
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