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Abstract

Aims: Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), infection has been deemed as a global pandemic by the World
Health Organisation. While diffuse alveolar damage (DAD) is recognised to be the primary
manifestation of COVID-19 pneumonia, there has been little emphasis on the progression to the
fibrosing phase of DAD. This topic is of great interest, due to growing concerns regarding the
potential long-term complications in prolonged survivors.

Methods and results: Here we report a detailed histopathological study of 30 autopsy cases
with COVID-19 virus infection, based on minimally invasive autopsies performed between
February and March, 2020. The mean age was 69 years, with 20 (67%) males and 10 (33%)
females and frequent (70.0%) underlying comorbidities. The duration of illness ranged from 16
to 82 (median = 42) days. Histologically, the most common manifestation was diffuse alveolar
damage (DAD) in 28 (93.3%) cases which showed predominantly acute (32%), organising (25%)
and/or fibrosing (43%) patterns. Patients with fibrosing DAD were one decade younger (P =
0.034) and they had a longer duration of illness (P = 0.033), hospitalisation (£= 0.037) and
mechanical ventilation (= 0.014) compared to those with acute DAD. Patients with organising
DAD had a longer duration of illness (2= 0.032) and hospitalisation (= 0.023) compared to
those with acute DAD.
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Conclusions: COVID-19 pneumonia patients who develop DAD can progress to the fibrosing
pattern. While we observed fibrosing DAD in fatal cases, whether or not surviving patients are at
risk for developing pulmonary fibrosis and the frequency of this complication will require further
clinical and radiological follow-up studies.

Introduction

We are currently suffering an outbreak of a global coronavirus disease 2019 (COVID-19)
pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It
was first found in Wuhan, China in December 20191 and was recognised as a global
pandemic by the World Health Organisation in March 2020. As of August 16, 2020, there
have been 21 294 845 cases and 761 779 deaths due to SARS-CoV-2 infection worldwide.?

While diffuse alveolar damage (DAD) is recognised as the primary manifestation of fatal
COVID-19 pneumonia, most previous pathology studies have focused upon the acute

and organising histological patterns, with little emphasis on the fibrosing pattern.3-14
Furthermore, pathological studies so far have not shown correlations between the
pathological phases of DAD and age, duration of clinical course, hospitalisation and
mechanical ventilation in relation to progression to the fibrosing DAD pattern. In most fatal
cases, the paucity of literature concerning the fibrosing DAD pattern is largely explained by
the relatively rapid progression to death. So far, much of the rapidly emerging data about
the pulmonary pathological manifestations in patients with COVID-19 has been based on
autopsies from patients with a short survival of less than 3 weeks. There is little known
about the autopsy lung pathological findings of patients with a prolonged clinical course.

There is great concern that survivors of COVID-19 pneumonia may develop the long-term
complication of fibrosing interstitial lung disease. Already there is clinical and computerised
tomography (CT) evidence that patients with COVID-19 pneumonia can progress to
pulmonary fibrosis.1>-18 Given the many millions of infected patients worldwide, even if
the long-term risk is small there could be significant numbers of patients who progress

to pulmonary fibrosis. This has led to several proposals for consideration of antifibrotic
therapies to prevent or to treat COVID-19 pneumonia.19-21 One CT study showed imaging
features of interstitial fibrosis such as interstitial thickening, air bronchograms, irregular
interface, coarse reticular pattern and parenchymal bands in 44% of patients discharged after
treatment for COVID-19.17

The aim of this report is to document the evolution of DAD to the fibrosing pattern in
a series of minimally invasive autopsies in 30 individuals who died from COVID-19 in
Wuhan, China.
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Materials and methods

PATIENTS AND CLINICAL DATA

All patients were from Union Hospital of Tongji Medical College, Huazhong University of
Science and Technology and met the clinical diagnostic criteria provided by the National
Health Commission of China,?2 as well as a positive nucleic acid test on oral-pharyngeal
swabs or a positive COVID-19 anti-body blood test. All our autopsies were consecutive
cases. Ten of these cases were previously published with no emphasis on fibrosing DAD.23
Their electronic medical records were retrospectively reviewed to identify the patients’
clinical features and laboratory findings. Demographic data, medical history, CT scans

or X-ray images of the chest, laboratory findings [including nucleic acid tests, complete
blood count (CBC) and other biochemical parameters] and the duration of illness were all
reviewed. This study conforms to the regulations issued by the National Health Commission
of China and the Declaration of Helsinki and has been approved by the medical ethics
committee of Union Hospital affiliated to Tongji Medical College of Huazhong University
of Science and Technology (no. 2020-0043-1).

PROCUREMENT OF SPECIMENS AND PATHOLOGICAL EXAMINATION

With consent obtained from the patients’ families, minimally invasive autopsies were
performed by performing ultrasound-guided multipoint post-mortem core biopsies on
bilateral lungs within 2 h after death in a negative air isolation ward between February

and March 2020. Ultrasound examinations were performed using an ultrasound scanner
(EPIQ 7C; Philips Medical Systems, Andover, MA, USA, equipped with an L12-5/S5-1
probe, or a Mindray Portable Ultrasound M9; Guangzhou Medsinglong Medical Equipment
Co., Ltd, Guangdong, China, equipped with an L10-3 probe). All autopsies were performed
by pathologists, thoracic surgeons and ultrasound doctors. At least four to five pieces of
tissue were taken from each patient, including samples from both lungs using a large-core
(14-guage) needle biopsy. The tissues were fixed in 10% neutral buffered formalin for more
than 24 h, and then routinely processed under standard biosafety measures. Haematoxylin
and eosin (H&E)-stained sections were prepared, and slides were examined by three
pathologists (Y.L., J.W. and W.D.T.). Histological slides were evaluated for diffuse alveolar
damage, acute bronchopneumonia, acute pneumonia, bronchitis/bronchiolitis, thrombi and
other histological lesions, summarised in Supporting information, Table S1. The patterns

of DAD (acute, organising and fibrosing) were recorded and based on the most prominent
component; the cases were categorised according to the predominant pattern.

HISTOCHEMISTRY

Masson trichrome stains were performed in five cases to confirm the presence of dense
fibrosis in fibrosing DAD versus loose fibrosis in organising DAD. For the reverse
transcription—polymerase chain reaction (RT-PCR) assay for SARS-CoV-2, see Supporting
information.
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STATISTICAL ANALYSIS

Results

Categorical variables were expressed as numbers and compared by £test between groups
with or without pathological findings. Continuous variables were analysed using the
independent-samples £test to compare means. A two-sided £< 0.05 was considered
statistically significant. Statistical analyses were performed using SPSS software, version
26.0.

CLINICAL CHARACTERISTICS

A total of 30 patients diagnosed as COVID-19 were included in this study, comprising 20
males and 10 females in Wuhan, China between February and March. The average age

was 69 years, ranging from 39 to 91 years. Most cases (21 of 30, 70.0%) had at least

one underlying comorbidity, the most common of which were chronic diseases such as
hypertension (11 of 30, 36.7%), cancer (eight of 30, 26.7%) and coronary heart disease (five
of 30, 16.7%). One patient each had chronic obstructive pulmonary disease (COPD) and
asthma.

The most common symptoms at onset of illness were cough (22 of 30, 73.3%), fever (20

of 30, 66.7%) and myalgia or fatigue (13 of 30, 43.3%); less common symptoms were

chest tightness (12 of 30, 40.0%), dyspnoea (11 of 30, 36.7%), sputum production (10

of 30, 33.3%), diarrhoea (five of 30, 16.7%) and chills (two of 30, 6.7%). For patients

with DAD, the median duration of illness was 40 (16—82) days. The median time of
hospitalisation was 33 (7-74) days, and the median time on mechanical ventilation was

23 (4-56) days. Most patients received multiple treatments, including antibiotic treatment
(30 of 30, 100.0%), antiviral treatment (30 of 30, 100.0%), antifungal treatment (17 of 30,
56.7%) and glucocorticoid treatment (23 of 30, 76.7%). The clinical characteristics are listed
in Table 1. Radiology is reviewed in the Supporting information.

LIGHT MICROSCOPY FINDING

The most common histological manifestation was DAD in 28 (93.3%) cases, which
manifested acute (7= 12, 40.0%), organising (n7= 21, 70.0%) and/or fibrosing (n= 12,
40.0%) patterns, often in combination. After excluding two cases that lacked DAD and only
showed bronchopneumonia, when grouped according to the predominant pattern there were
nine acute (32%), seven organising (25%) and 12 twelve fibrosing (43%) patterns.

The acute DAD pattern (Figure 1A) was characterised by hyaline membranes, intra-alveolar
fibrin exudation, prominent reactive pneumocytes and pulmonary oedema. In six (50%) of
these cases, alveolar walls showed focal interstitial infiltration by neutrophils that were not
associated with acute bronchopneumonia (Figure 1B). Organising DAD demonstrated loose
organising fibroblastic tissue consisting of polypoid plugs within distal air spaces (Figure
1C,D) or rounded nodular foci of loose myxoid fibrosis centred on alveolar ducts, often with
cystic central air spaces (Figure 1E,F). Masson trichrome stains showed predominantly pale
blue staining of the loose, myxoid fibrous connective tissue with very little or no dark blue
staining of dense collagen (Figure 1D,F). Focal interstitial chronic inflammation was seen
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in 16 (76%) of these cases. The fibrosing DAD pattern contrasted with the loose organising
connective tissue of organising DAD by the presence of dense interstitial fibrous tissue
(Figure 2A-F) where, on high power, an eosinophilic dense appearance and/or collagen
fibres could be seen highlighted by dark blue staining with Masson trichrome stains (Figure
2B,D, F). The fibrosing DAD pattern either showed alveolar duct fibrosis (Figures 2A-D)
or diffuse thickening of alveolar walls (Figures 2E,F) In all 12 cases with pre- dominantly
fibrosing DAD, alveolar walls thickened by dense collagen were identified, and in six of
these cases alveolar duct fibrosis was also seen. Alveolar duct fibrosis in fibrosing DAD was
sometimes associated with cystic spaces surrounded by dense collagen- rich fibrosis (Figure
2C,D).

Other histological findings are summarised in the Supporting information results and
Supporting information, Table S1.

CLINICOPATHOLOGICAL CORRELATIONS

Comparison of clinical features between predominant DAD patterns—
Correlations between the phases of DAD and duration of illness, length of hospitalisation
and mechanical ventilation are summarised in Table 2. Patients with fibrosing DAD were
approximately one decade younger than those with acute DAD (£ = 0.034). In addition,
patients with fibrosing DAD had a longer duration of illness (P = 0.033), hospitalisation (P
=0.037) and ventilation (P = 0.014) compared to patients with acute DAD. Patients with
organising DAD had a longer duration of illness (£=0.032) and hospitalisation (P= 0.023)
compared to those with acute DAD.

Comparison of clinical features in predominant DAD pattern versus other
patterns—Patients with fibrosing DAD were on ventilation longer than patients without
fibrosing DAD (30 versus 20 days, respectively, £=0.045). Patients with, compared to those
without, acute DAD had a shorter mean duration of illness (34 versus 51, £=0.0005),
shorter mean hospitalisation (22 versus 42, P= 0.002) and fewer days on ventilation (17
versus 30, A= 0.014).

CAUSE OF DEATH

DAD was the primary cause of death for all 28 affected patients, while acute pneumonia and
gastric cancer contributed to death in two patients without DAD findings.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-PCR) ASSAY FOR
SARS-COV-2

Details concerning the results of the RT-PCR assay are shown in the Supporting information
results.

Discussion

Our study documents pathological evidence of DAD that progressed to the fibrosing pattern
in patients who died in the COVID-19 outbreak in Wuhan, China. The prolonged clinical
course (= 4 weeks) and duration of mechanical ventilation (median 20 days) in the patients
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who progressed to fibrosing DAD in our cohort differed from the clinical course in previous

autopsy studies, where the patients died more rapidly. We also demonstrated that the patients
with fibrosing DAD, compared to those with acute DAD, were one decade younger and had

significantly longer duration of illness, hospitalisation and mechanical ventilation.

In prior viral pandemics, the paucity of pathology studies describing the fibrosing DAD
pattern is remarkable.24-34 In contrast, while we are still relatively early in the COVID-19
pandemic, fibrosis is already being described in the CT literature3>-38 and we observed

it pathologically in more than 40% of our cases. In addition, early pathology studies are
emerging describing the development of interstitial fibrosis in COVID-19.3940 This raises
the question of whether differences in the pathogenesis of COVID-19 pneumonia or in the
management of our patients compared to other cohorts of viral epidemics could explain

this difference. The frequency of fibrosing DAD in our study is probably skewed due to

the high percentage of patients with a prolonged clinical course in our cohort compared to
previous autopsy studies, together with the relatively long duration of illness, hospitalisation
and mechanical ventilation. However, pulmonary fibrosis was seen by CT in 41% of
symptomatic COVID-19 patients suspected to have interstitial pneumonia.3®> Although this
was significantly associated with ‘late phase’ disease, defined as greater than only 7 days, it
was a component of a scoring system that predicted mortality.3°

In contrast to our observation of fibrosing DAD in fatal COVID-19 pneumonia in patients
with a prolonged clinical course, there was a relatively rapid progression to death in previous
autopsy studies of patients who died with SARS-CoV, Middle East respiratory syndrome
(MERS) and influenza infections. Reports of fatal SARS-CoV infection showed a median
duration of 11-23.5 days.28:30:41 Although CT studies of SARS-CoV pneumonia showed
signs of interstitial fibrosis in 62% of patients after an average of 37 days*? and interstitial
abnormalities in 5% of patients after 15 years’ follow-up,*3 in fatal cases we could only find
one autopsy study documenting fibrosing DAD in three patients who survived into the fourth
week of disease or longer.28-3041 |n addition, the median time from onset of symptoms to
death of influenza A/H1N1 virus infection was 7-8 days (range = 1-44).32:33 The estimated
illness interval of MERS-CoV infection was even shorter, with a median time to death of 11
days (range = 5-27).44

It is known that after the inciting injury DAD progresses through three phases, beginning
with the acute phase within the first 7-10 days, the organising phase after the first 7-10
days and the fibrosing phase after approximately 3 weeks.*>~48 In this study we were able
to describe the histological features of the fibrosing pattern of DAD that have not been well
documented in previous autopsy studies of COVID-19 pneumonia. The fibrosing pattern
differs from the organising DAD pattern by the presence of dense fibrosis with visible
collagen fibres and/or hyalinisation, unlike the loose proliferative connective tissue of the
organising pattern, which frequently shows a myxoid stroma and lacks dense collagen. In
cases where there is a question concerning H&E as to whether or not dense collagen is
present, Masson trichrome stains may be helpful. The dark blue staining of dense fibrosis
in fibrosing DAD contrasts with the light blue staining seen with the loose connective tissue
of organising DAD. As we observed, the fibrosing DAD pattern showed diffuse thickening
of alveolar walls in all cases, and in addition a mixed pattern in half these cases that also
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showed nodular foci of fibrosis centred on alveolar ducts or alveolar duct fibrosis.*6-48 Pratt
et al. observed that the early organising fibrosis of organising DAD tended to be localised
along the alveolar ducts.*6 This distribution was evident in our case material, where in the
fibrosing DAD cases the alveolar duct connective tissue was replaced by dense collagen.

A similar progression to dense collagen-rich fibrosis from organising connective tissue has
also been described in organising pneumonia under a variety of names, such as fibrosing

or cicatricial organising pneumonia.#9-51 The fibrosing lesions were sometimes associated
with small cystic spaces. The overall histological features of DAD in COVID-19 pneumonia
appear similar to those seen in DAD due to other causes or idiopathic cases.>14

In non-COVID-19 patients with acute respiratory distress syndrome (ARDS), CT findings
that suggest progression to the fibrosing pattern of DAD consist of reticulation, traction
bronchiectasis and cystic changes or honeycombing.52:53 When DAD progresses to fibrosis,
it is known to evolve into a pattern that bears some resemblance to non-specific interstitial
pneumonia.#”>4-56 CT studies have shown progression to fibrosis in COVID-19,17:57
SARS43:58.59 and in one follow-up study of ARDS.53 In the few reported cases of SARS
where a fibrosing DAD pattern was described pathologically, the figure provided shows a
pattern of alveolar duct fibrosis similar to that seen in our cases.2®

Interestingly, similar to our finding of a clinical association with the fibrosing DAD pattern
histologically, Desai et al. found that the presence of a reticular pattern by high resolution
CT in non-COVID ARDS patients was independently related to the total duration of
mechanical ventilation.53 It is known that ventilation can contribute to the causation of
DAD, while paradoxically it can be essential for prolonging survival.4547:48.60.61 |t s not
clear in our cases whether the progression to fibrosing DAD was directly related to the viral
pneumonia, or if the mechanical ventilation or other factors may have also played a role.

The description of a “fibrotic’ pattern in the lung of 22% of lung samples in a meta-analysis
of articles published on COVID-19 pathology needs to be reviewed carefully.52 The lung
findings were not characterised according to phases of DAD, but rather epithelial, vascular
and fibrotic patterns.52 Furthermore, the review summarised cases as a ‘fibrotic’ pattern if
the word “fibrosis” was mentioned in the article under the histological description. In fact,
the authors of the study that contributed the largest number of “fibrotic’ cases (7= 12) to this
meta-analysis specifically stated that the focality of the findings suggested: ‘that none of the
patients had progressed to the fibrotic phase (of DAD) possibly due to the short duration of
disease’.63 This raises the challenge of distinguishing the fibrosing pattern of DAD from the
loose connective tissue of the organising pattern, an issue that is not consistently addressed
in the literature on COVID-19 pneumonia.63-65

While the minimally invasive approach to autopsies using core biopsies provides more
limited sampling than would have been available with complete autopsies, it is of interest
that a recent study in patients with yellow fever compared minimally invasive biopsies with
complete autopsies in the same cases and found perfect agreement.®® In addition, the results
of several minimally invasive autopsy studies of COVID-19 pneumonia have shown similar
findings to those published in studies of complete autopsies, although the limited sampling
compromises the ability to evaluate lesions in major central structures such as the trachea,
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bronchi and major blood vessels.”® While is it appreciated that assessment of patterns

of interstitial lung disease are best made in larger samples of lung tissue, the multiple

lobe and bilateral sampling in our minimally invasive autopsies, along with the compatible
clinical findings, seem sufficient to support the concept that DAD in COVID-19 pneumonia
can progress a fibrosing pattern.16:19.67 We cannot exclude the possibility that a fibrosing
pattern of DAD, in addition to other pathological lesions, may have been missed due to the
limited sampling of the core biopsies, so such findings may have been underestimated in our
study. The burden of fibrosis is also difficult to assess based on core biopsies. As we have
pointed out above, one limitation of our study is the skewed data with a large percentage

of patients with long hospitalisations. Based on autopsy studies, it is difficult to determine
the actual frequency of evolution of COVID-19 pneumonia to a fibrosing pattern of DAD
because of the many potential variables that might contribute to developing fibrosis. It is not
clear why our cohort had a larger percentage of patients with a prolonged clinical course
compared to other autopsy studies, but this could be due to a variety of factors, including
differences in management such as prolonged mechanical ventilation, varying pathogenicity
based on differing strains of the virus, or differing host genetic or epidemiological factors.
We also cannot exclude the possibility that the patients with fibrosing DAD in our study
recovered from COVID-19 but failed after a prolonged clinical course. As stated above, we
also cannot rule out the possibility that the prolonged mechanical ventilation contributed

to the development of fibrosis. Due to the uniqueness of our cohort, the frequency of
fibrosis we observed probably does not reflect that expected for the entire COVID-19 patient
population.

In conclusion, our study provides pathological evidence of progression of DAD to a
fibrosing pattern in a cohort of patients from Wuhan, China. Compared to patients with
acute DAD, this was associated with younger age as well as prolonged duration of disease,
hospitalisation and ventilation. This has significant implications for long-term sequelae

of COVID-19 disease. Already lung transplantation has been used to treat the severe
interstitial fibrosis that develops after initial recovery from COVID-19 infection.68:69 |n
analysing autopsy studies that provide important information advancing our knowledge

of the pathology and pathogenesis of COVID-19, it is important to keep in mind that

only a small percentage of these patients will develop serious respiratory failure requiring
intensive care admission and invasive mechanical ventilation. Therefore, it is not possible to
extrapolate our autopsy findings to the clinical course of surviving patients.

In a study of 1099 patients from China with laboratory-confirmed COVID-19 only 5% were
admitted to the intensive care unit, 2.3% underwent invasive mechanical ventilation and
1.4% died.”® While these percentages seem small, given the millions of COVID-19-infected
patients worldwide, a sizeable number of patients who develop serious respiratory disease
will be at risk for long-term complications.

While we observed fibrosing DAD in fatal cases, further studies are needed to determine

the risk of COVID-19 survivors developing pulmonary fibrosis. Hopefully, our autopsy
findings will encourage long-term clinical and CT follow-up studies of these patients. In
addition, further investigations with complete autopsies and detailed clinical and radiological
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correlation are needed to understand the pathogenesis of the pulmonary interstitial fibrosis
that develops in COVID-19 pneumonia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Acute and organising diffuse alveolar damage (DAD) patterns in coronavirus disease

2019 (COVID-19) patients. A, Acute phase of DAD, with hyaline membranes; B, acute
DAD hyaline membranes accompanied by interstitial neutrophil infiltrates; C, organising
DAD with polypoid plugs of loose connective tissue within distal alveolar spaces. The
myxoid appearance of the loose connective tissue contrasts with the dense eosinophilic
appearance of the collagen in perivascular interstitial fibrous connective tissue (top right); D,
Masson trichrome stain shows mainly pale blue staining of the myxoid connective tissue of
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organising DAD; E, loose myxoid connective tissue of organising DAD situated on alveolar
ducts surrounds empty air space forming small cysts; F, Masson trichrome stains show
mainly pale blue staining of the myxoid connective tissue of the alveolar duct fibrosis in
organising DAD.
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Figure 2.
Fibrosing diffuse alveolar damage (DAD) patterns in coronavirus disease 2019 (COVID-19)

patients. A, Abundant fibrosis with mainly dense eosinophilic collagen expands the
interstitium. Mild interstitial chronic inflammation is also present; B, the dense collagen
is highlighted by the Masson trichrome stain. In this image the rounded fibrotic area is
centred on an alveolar duct; C, dense eosinophilic fibrosis surrounds three alveolar ducts
and forms small cystic spaces; D, the abundant dense collagen in the alveolar duct fibrosis
is highlighted by the dark blue staining with the Masson trichrome stain; E, these alveolar
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walls are markedly thickened by dense fibrosis and interstitial chronic inflammation. While
the alveolar architecture is preserved, small cysts are present retaining some features of
alveolar duct fibrosis. F, Masson trichrome stain shows dark blue staining of the dense
collagen, causing thickening of the alveolar walls.
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