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Abstract 

Purpose:  This study was designed to evaluate the usefulness of lung ultrasound (LUS) imaging to characterize the 
progression and severity of lung damage in cases of COVID-19.

Methods:  We employed a set of combined ultrasound parameters and histopathological images obtained simulta‑
neously in 28 patients (15 women, 0.6–83 years) with fatal COVID-19 submitted to minimally invasive autopsies, with 
different times of disease evolution from initial symptoms to death (3–37 days, median 18 days). For each patient, 
we analysed eight post-mortem LUS parameters and the proportion of three histological patterns (normal lung, 
exudative diffuse alveolar damage [DAD] and fibroproliferative DAD) in eight different lung regions. The relation‑
ship between histopathological and post-mortem ultrasonographic findings was assessed using various statistical 
approaches.

Results:  Statistically significant positive correlations were observed between fibroproliferative DAD and peripheral 
consolidation (coefficient 0.43, p = 0.02) and pulmonary consolidation (coefficient 0.51, p = 0.005). A model combin‑
ing age, time of evolution, sex and ultrasound score predicted reasonably well (r = 0.66) the proportion of pulmonary 
parenchyma with fibroproliferative DAD.

Conclusion:  The present study adds information to previous studies related to the use of LUS as a tool to assess the 
severity of acute pulmonary damage. We provide a histological background that supports the concept that LUS can 
be used to characterize the progression and severity of lung damage in severe COVID-19.

Keywords:  COVID-19, Lung ultrasound, Diffuse alveolar damage, Autopsy, Minimally invasive autopsy, Pathology, 
Acute lung injury

Introduction

The current pandemic caused by SARS-CoV-2 has 
placed a great burden on healthcare professionals, 
especially those involved in the treatment of critically 
ill patients. In this scenario, pulmonary imaging is 
important to track the patients’ response to treatment 
and disease progression [1–5].

Computed tomography (CT) is the reference imag-
ing method for assessing pulmonary changes caused 
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by coronavirus disease 2019 (COVID-19), but its use 
may be limited by difficulties in transporting critically 
ill patients with a highly contagious disease and on 
mechanical ventilation. The American College of Radi-
ology recommends that computed tomography should 
not be used to screen or diagnose COVID-19 and that 
it is used sparingly in symptomatic and hospitalized 
patients, due to the risk of transmitting infection to 
staff and subsequent patients [3]. In a pandemic situa-
tion, CT platforms in referral hospitals are under high 
demand pressure. Due to its portability, low cost, and 
availability in Intensive Care Units (ICU), lung ultra-
sound (LUS) may represent an adequate alternative to 
CT for pulmonary evaluation of patients with COVID-
19 [6, 7].

Based on the artifacts generated by the difference 
in tissue acoustic impedance consequent to reduction 
of pulmonary aeration or changes in tissue rheology 
(fibrosis, for instance), LUS exhibits specific patterns, 
which have been proposed as indicators of different 
stages of pulmonary alterations [8–10]. The first image 
of the pulmonary B line by ultrasound was described as 
“an unexpected echographic aspect” by Ziskin et al. in 
1982, and became the first reference to the “comet tail 
artefact” [11]. In 1986, Weinberg et  al. demonstrated 
sonographic aspects of air bronchogram and since 
then, several studies have highlighted the use of pul-
monary ultrasound [12–16]. In 1997, Lichtenstein et al. 
published a comparative study between ultrasound and 
pulmonary tomography in critically ill patients and, 
in 2008, the “BLUE protocol”, used to characterize the 
acute respiratory failure in critically ill patients [17, 18]. 
In 2012, Volpicelli et  al. published recommendations 
based on international evidence on how to interpret 
LUS findings in critically ill patients [19].

In studies with patients with COVID-19, changes in 
the pleura and subpleural parenchyma have been con-
sidered as indicators, and even predictive markers, of 
the severity of pulmonary damage [2, 5, 6]. Following 
this line of reasoning, the use of LUS has been pro-
posed to assess pulmonary involvement in hospital-
ized patients as well as a point-of-care screening tool 
[1, 4–7, 20]. The same observation has been reported in 
previous episodes of viral induced acute lung diseases, 
such as those caused by H7N9 and H1N1 influenza [3].

Histopathological studies contribute significantly 
to the understanding of the natural history of severe 
COVID-19. Initially, infection of the alveolar epithe-
lium causes epithelial rupture, changing the permeabil-
ity of the alveolar-capillary barrier, promoting diffuse 
alveolar damage (DAD), characterized by exudative 
accumulation of plasma proteins and inflammatory res-
idues in the alveolar spaces [8, 21]. In the most severe 

cases, the inflammation causes progressive fibrosis of 
the distal air spaces, which can cause marked alveolar 
distortion and permanent scarring [8]. The progres-
sive damage of gas exchange territory is the hallmark 
of severe COVID-19 and is an important prognostic 
parameter.

Our Hospital is a reference for the treatment of 
COVID-19 in Brazil and has allocated 300 ICU beds for 
severely affected patients. We established an autopsy 
protocol to produce information for the ICU team and 
to carry out mechanistic studies on the pathogenesis of 
COVID-19. As we do not have autopsy facilities with 
level 3 protection, we use an ultrasound-guided mini-
mally invasive autopsy protocol (MIA/US) to perform 
post mortem examinations [21, 22]. Post-mortem ultra-
sonography was used to locate the organs of interest and 
to identify the intra-organ heterogeneity of disease, guid-
ing tissue collection. This procedure resulted in a set of 
combined ultrasound parameters and histopathological 
images obtained during autopsy, sampled from patients 
with different times of disease evolution. In a previous 
report [23], we observed correlations between specific 
patterns of LUS imaging and histological changes in 
the pulmonary microstructure. In this study, we further 
explored this aspect, carrying out a systematic quantita-
tive analysis of 28 cases.

Materials and methods
Population studied
This study was approved by the HC-FMUSP Ethical 
Committee (protocol no. 3951.904). The procedures were 
performed at the Image Platform in the Autopsy Room, 
a research centre in the University of Sao Paulo Medical 
School, located next to the Autopsy Service of Sao Paulo 
University (https​://pisa.hc.fm.usp.br/). All the autop-
sies were performed after informed consent had been 
obtained from the next of kin. We evaluated 28 patients 
(15 women) with ages varying from 0.6 to 83  years 
(median 50). The time elapsed from symptoms to death 
varied from 3 to 37  days (median 18  days). All patients 
had laboratory confirmation of SARS-CoV-2 infection 
by a positive RT-PCR result on the nasal/oropharyngeal 
swab and/or lung tissue.

Take‑home message 

We provide a histological background for the use of LUS as a tool 
to assess the progression and severity of lung damage in severe 
COVID-19. A model combining age, time of evolution, sex and LUS 
score can be used to estimate the proportion of pulmonary paren‑
chyma with fibroproliferative changes in COVID-19-related diffuse 
alveolar damage.

https://pisa.hc.fm.usp.br/
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Autopsy protocol
MIA/US protocol was described previously [24] and 
was adapted for COVID-19 for safety reasons [21, 22]. 
An expert in US performed the scanning and analysis 
on all patients, as well as tissue collection (RAAM). Pre-
defined reference sites of the anterior chest wall were 
considered for post-mortem LUS imaging and tissue 
sampling, considering the elevation of the diaphragmatic 
dome and the reduction in post-mortem lung height and 
volume. With the bodies in the supine position, post-
mortem LUS-guided tissue collection was done in eight 
regions, as a result of the combination of the upper and 
lower chest fields (lateral and medial, four sites in each 
lung). In each sampling site, six lung samples were col-
lected. Such protocol resulted in 48 lung samples col-
lected from 8 pulmonary regions for each case. We used 
a portable SonoSite M-Turbo R (Fujifilm, Bothell, WA, 
USA) with broadband and multifrequency transduc-
ers: C60x (5–2  MHz Curved) and HFL38X (13–6  MHz 
Linear) and DICOM™ medical images. The pulmonary 
evaluation was performed in the longitudinal plane with 
the transducer perpendicular to the cutaneous surface, 
adjusted in abdominal mode with a low mechanical index 
(0.7), which can be readjusted during the exam for bet-
ter image acquisition. The examinations were conducted 
using predominantly the low-frequency convex trans-
ducer, which was able to produce good visualization of 
the pleuropulmonary interface and parenchyma. Before 
the autopsy, the body was packed with resistant plastic. 
For US orientation, small 10 cm openings were made to 
allow the direct contact between transducer and body 
surface. Tissue sampling was performed using Tru-Cut 
semi-automatic coaxial needles of 14G, 20 cm long. Tis-
sue samples were fixed in buffered 10% formalin, embed-
ded in paraffin, and stained with haematoxylin and eosin.

Histological analysis
Slides were examined by pulmonary pathologists that 
quantified the proportion (expressed as percentage) of 
alveolar tissue exhibiting three main histological pat-
terns in each region: normal lung, exudative DAD and 
fibroproliferative DAD. The following histological crite-
ria were used for defining each pattern: (a) normal lung: 
preserved architecture, without inflammation, oedema 
or exudate; (b) exudative DAD: interstitial and/or intra-
alveolar oedema, interstitial inflammation, variable 
amounts of alveolar haemorrhage and fibrin deposition, 
intra-alveolar hyaline membranes and type II pneumo-
cyte hyperplasia. Foci of neutrophilic pneumonia were 
also included in the acute/exudative pattern; (c) fibro-
proliferative DAD: any degree of fibroblastic prolif-
eration within the interstitium and/or alveolar spaces, 
including loose aggregates of fibroblasts admixed with 

scattered inflammatory cells, collagen deposition, squa-
mous metaplasia, and possible remnants of hyaline 
membranes [25].

Such classification was done without knowledge of 
the clinical and LUS information about the cases under 
analysis. For each histological parameter, a mean value 
was obtained for the eight regions studied in each 
patient. This average value was used as an individual 
overall estimate of lung histological damage for each 
patient. For the analysis of the 28 patients, data are 
presented as mean values of each parameter. Figure  1 
shows representative figures of the three histological 
patterns considered in the present study.

Ultrasound analysis
We defined for each of the eight sites of study a binary 
indicator (0 = absence; 1 = presence) of LUS param-
eters previously described in several studies dedicated 
to assess the severity of pulmonary COVID-19 [2, 5, 
26], as follows: normal pleural line, irregular pleural 
line, fragmented pleural line, A lines, spaced B lines, 
confluent B lines (sometimes giving the appearance of 
a white lung), peripheral consolidation, and pulmonary 
consolidation. For each patient, values of LUS param-
eters were calculated as the sum of the scores obtained 
at the eight examined sites (therefore, the value of each 
LUS parameter varied from 0 to 8 for each patient). Fig-
ure  2 shows a panel of representative aspects of LUS 
parameters evaluated in this study. Pulmonary impair-
ment in COVID-19 presents itself as a mixture of 
patterns observed in LUS, which vary according to dis-
ease’s severity. Thus, depending on the analysed region, 
LUS may disclose several or even all of the patterns 
described above in the same patient.

Statistical analysis
The relationship between histopathological and ultra-
sonographic findings was assessed using various statisti-
cal approaches. We compared the ultrasound parameters 
in groups with different intensities of pulmonary histo-
logical damage using non-parametric statistics. Multi-
variate regression analysis was employed to verify the 
association between pulmonary damage and US scores, 
adjusted for age, sex, and time of clinical evolution. Sta-
tistical analyses were done with the aid of the SPSS V25 
software.

Results
Table 1 shows the epidemiological and clinical data of the 
28 studied patients. The patients comprised 15 women 
and 13 men, with a median age of 50 years (range, 0.6–
83 years). The median timespan between the occurrence 
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of symptoms and death was 18 days (range, 3–37 days). 
The most frequent associated clinical conditions were 
diabetes mellitus, systemic arterial hypertension, and 
chronic ischaemic cardiopathy. A 7-month-old patient 
had Edwards syndrome. All patients presented with 
severe respiratory distress and showed diffuse alveolar 
damage on lung histopathological analysis, with varying 

degrees of organization. Table  2 presents the descrip-
tive statistics of the histopathological and LUS param-
eters. Depth of peripheral consolidations varied from 
0.5 to 2.1  cm (median = 1.2  cm). Statistically signifi-
cant positive correlations (Spearman correlation) were 
observed between fibroproliferative DAD and peripheral 
consolidation (coefficient 0.43, p = 0.023) and pulmo-
nary consolidation (coefficient 0.51, p = 0.005). Pulmo-
nary consolidation exhibited a negative and significant 
correlation with mean proportion of normal alveolar 
parenchyma (coefficient − 0.4, p = 0.037). No significant 
associations were detected for any LUS parameter and 
exudative DAD. Considering that peripheral consolida-
tion and pulmonary consolidation varied with the extent 
of the fibroproliferative alveolar process, we produced a 
LUS severity score (LUSCORE) for each patient, com-
puted as the sum of these two parameters, including all 
analysed regions (therefore, values of LUSCORE ranged 
from 0 to 16 in each patient).

Figure 3 shows the variation of the proportions of histo-
logical parameters among the 28 patients, disaggregated 
by tertiles of LUSCORE. The proportion of fibroprolif-
erative DAD exhibited significant differences across the 
three LUSCORE tertiles (p = 0.02, Kruskal–Wallis sta-
tistics). Post hoc comparison (ANOVA on Ranks) indi-
cated that the proportion of pulmonary parenchyma 
with fibroproliferative DAD was significantly higher in 
the third tertile of LUSCORE in comparison with those 
in the first tertile (p = 0.013), indicating that patients with 
higher LUS severity scores present higher proportion of 
fibroproliferative DAD.

Multiple linear regression analysis considered the pro-
portion of fibroproliferative DAD as the dependent vari-
able and time of disease evolution, LUSCORE, age and 
a binary indicator of sex (0 = males, 1 = females) as pre-
dictive parameters. Age (coefficient 0.68, p = 0.024) and 
LUSCORE (coefficient 6.75, p = 0.009) were positively 
and significantly associated with the extent of fibropro-
liferative DAD (adjusted r value = 0.66). Time between 
symptoms’ onset and death (coefficient = 0.655, p = 0.28) 
and sex (female, coefficient = − 7.83, p = 0.48) did not 
show significant associations in this model. Our results 
indicate that the extent of fibroproliferative DAD may be 
estimated by the following equation:

Fibroproliferative DAD (%)

= − 18.06 + age
(

years
)

∗ 0.682

+ sex (F = 1, M = 0) ∗ − 7.830

+ time
(

days
)

∗ 0.655 + LUSCORE ∗ 6.754.

Fig. 1  Histological patterns associated to ultrasound scores. a 
Normal lung: preserved architecture, without inflammation, oedema 
or exudates. b Exudative diffuse alveolar damage: acute pulmonary 
injury with hyaline membranes, interstitial oedema and inflamma‑
tion and pneumocyte hyperplasia. c Fibroproliferative diffuse alveolar 
damage: interstitial and intra-alveolar fibroblastic proliferation, 
collagen deposition, mild inflammatory cell infiltration, and small 
remnants of hyaline membranes
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Discussion
Several studies on the use of LUS in COVID-19, using 
CT imaging as reference standard, have indicated 
that LUS may be useful to characterise the severity of 
pulmonary injury [2, 6, 27]. We further explored the 
usability of LUS in COVID-19, considering histopatho-
logical aspects as reference to quantify pulmonary 
damage. We employed a set of combined LUS param-
eters and histopathological images obtained simultane-
ously at autopsy of 28 patients.

In fact, such combination—LUS + histopathology—is 
rare in the clinical environment, and is only possible in 
autopsy or experimental settings [21]. Recently, neo-
natal lung US was validated as a sensitive indicator of 
acute respiratory distress syndrome in a neonatal lung 

injury swine model, with a moderate degree of corre-
lation between in  vivo US observation and the degree 
of histological injury [28]. In a rabbit ALI model, the 
frequency of post-mortem B‐line artifact in ex vivo US 
correlated closely with the severity of pulmonary his-
tological abnormalities [29]. We are not aware of any 
study that has compared pre-mortem with post-mor-
tem LUS findings, and pre-mortem LUS was not per-
formed on our patients. Therefore, for the post-mortem 
analysis, we used LUS parameters previously estab-
lished in  vivo [2, 3, 5, 7, 26]. To our knowledge, this 
is the first study to correlate ultrasound imaging with 
histological injury in COVID-19 patients; our results 
provide additional information to the previous in  vivo 
imaging studies and reinforce the concept that LUS is 

Fig. 2  The several patterns of LUS in COVID-19 patients: a normal pleural line (arrows) and A lines (arrowheads). b normal pleural line (arrowhead), 
spaced B lines (asterisks), and fragmented pleural line (arrow). c irregular pleural line (arrow) and confluent B lines (asterisks). d normal pleural line 
(arrows) and white lung (asterisks). e irregular pleural line (arrow), peripheral consolidation (arrowhead), and white lung (asterisk). f normal pleural 
line (arrow) and pulmonary consolidation with air bronchogram (arrowhead)
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accurate enough to track the extent of fibroproliferative 
alveolar damage in severe COVID-19.

Our analyses detected significant associations between 
some LUS parameters and progression of pulmonary 
fibrosis, a frequent complication of diffuse alveolar dam-
age [8]. In fact, ultrasound techniques have already been 
used to determine the extent of fibrosis in other organs, 
based on the differences on the stress/strain properties 
of fibrotic tissue in respect to normal parenchyma [30–
32]. Our results indicate that LUS can track the extent of 

pulmonary fibrosis as well, a finding that may improve 
the adequate management of critical patients, since pul-
monary fibroproliferation is a significant marker of the 
severity of COVID-19.

Previous reports indicate that the extent of pulmonary 
fibrosis is associated with poor prognosis and also may 
cause permanent damage to patients that survive the 
severe forms of the disease, a situation that may promote 
a significant loss of quality of life after discharge from 
the ICU [33–35]. Our results suggest that non-invasive 

Table 1  Epidemiological and clinical data of 28 patients with fatal COVID-19

Characteristic Patients (n)

Female/male 15/13

Age in years, median (range) 50 (0.6–83)

Comorbidities, n (%)

 Diabetes 10 (35.71%)

 Systemic arterial hypertension 9 (32.14%)

 Ischemic cardiopathy 9 (32.14%)

Symptoms, n (%)

 Fever 18 (64.28%)

 Dyspnoea 22 (78.57%)

 Cough 19 (67.85%)

 Rhinorrhea 6 (21.43%)

 Diarrhoea 6 (21.43%)

 Myalgia 11 (39.28%)

Time from symptom onset to death in days, median (range) 18 (3–37)

Period of hospitalisation in days, median (range) 11.5 (0–34)

Intensive care unit stay in days, median (range) 8.5 (0–25)

Period of mechanical ventilation in days (n = 26 cases), median (range) 10.5 (0–31)

Table 2  Descriptive statistics of the histopathological and LUS parameters for the 28 patients

Minimum, maximum, mean and standard deviation (SD) values for the 28 patients. Histological parameters: For each patient, the mean proportion (%) of each 
parameter was obtained for the eight studied regions. LUS parameters: For each patient, we used the sum of the scores in each of the eight regions

Lung parameter Minimum Maximum Mean SD

Histopathological parameters (%)
 Normal lung tissue 0 85 24.64 27.06

 Exudative diffuse alveolar damage 0 100 36.05 29.89

 Fibroproliferative diffuse alveolar damage 0 100 37.81 35.37

Lung ultrasound parameters
 Normal pleural line 0 7 0.29 1.33

 Irregular pleural line 0 8 2.54 2.44

 Fragmented pleural line 0 4 0.68 1.25

 A lines 0 3 1.04 1.14

 B lines 0 7 1.57 1.69

 Confluent B lines 0 8 5.32 2.87

 Peripheral consolidation 0 6 1.18 1.76

 Pulmonary consolidation 0 6 0.82 1.44
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ultrasound parameters, in combination with simple clini-
cal information, may be used to estimate the extent of 
pulmonary fibrosis in COVID-19, indicating that LUS 
may be used for sequential evaluations of the severity of 
pulmonary damage, with minimal risk for patients and 
staff.

LUS parameters significantly associated with fibro-
proliferation were those related to parenchymal con-
solidation (peripheral consolidation and pulmonary 
consolidation). These findings are in line with the stud-
ies that used LUS scores for the evaluation of patients 
with COVID-19 pneumonia. As part of the categories 
proposed by Volpicelli et  al. for assessing the probabil-
ity of the disease, the finding of multiple small periph-
eral consolidations is associated with a high probability 
of COVID-19. Nouvenne et  al. identified four possible 
changes in LUS on hospital admission of patients with 
COVID-19 pneumonia: focal areas of nonconfluent B 
lines, diffuse confluent B lines, small subpleural micro-
consolidations with pleural line irregularities, and large 
parenchymal consolidations with air bronchograms [36]. 
Other studies that proposed standardization with respect 
to the use of LUS in the treatment of patients with 
COVID-19 have also included the findings of periph-
eral and parenchymal consolidation in their scores of 

COVID-19 severity [2, 20, 37]. Considering the different 
scores used in LUS assessment, we can infer that some 
parameters stand out as indicators or predictors of diag-
nosis probability and disease severity: in screening, small 
peripheral consolidations are associated with a high 
probability of the disease, and in hospitalized patients, 
the peripheral and parenchymal consolidation have been 
associated with the severity of lung damage [2, 6, 20, 36, 
37].

We did not find significant associations between any 
LUS parameter and exudative DAD. We believe that our 
case series is not ideal for analysing the most acute phase 
of the disease. As we were only dealing with severe cases 
with fatal outcome, most patients had mixed patterns of 
lung injury, with varying amounts of fibroproliferative 
changes; exclusively acute changes were not frequently 
seen. In this context, rather than identifying the acute 
phase of the disease, the LUS score we propose is more 
suitable for tracking the intensity of fibroproliferative 
changes in severe COVID-19.

Although fibroproliferative changes tended to be 
more prevalent in late stages of the disease, we did not 
observe a significant association between the duration 
of the disease and the proportion of fibroproliferative 
DAD. Histopathological analysis showed that the amount 

Fig. 3  Box plots represent the variation of the proportion (%) of normal alveolar parenchyma, exudative diffuse alveolar damage (DAD) and fibro‑
proliferative DAD among the 28 patients, disaggregated by LUSCORE tertiles
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of fibroproliferative changes varied widely among indi-
viduals, even after prolonged hospitalization. The lack of 
association between the duration of the disease and the 
intensity of fibroproliferative changes, and the fact that 
some patients did not have severe fibrosis in late stages, 
suggests that some individuals with COVID-19-related 
pneumonia may not progress to a fibroproliferative stage.

Our study has some important limitations; first, our 
series is relatively small, and larger series are needed to 
confirm the present findings and associations. Second, 
pre-mortem LUS was not performed on our patients 
and the post-mortem LUS does not necessarily reflect 
the exact same aspects of living patients. Differences 
between in vivo and post-mortem LUS images may exist 
since some retraction of pulmonary parenchyma occurs 
after death. Thus, not only larger autopsy studies, but also 
clinical validation investigations are needed to strengthen 
the plausibility of our results.

In conclusion, the present study adds information to 
previous studies related to the use of LUS as a tool to 
assess the severity and progression of acute pulmonary 
damage. Our results provide a histological background 
that supports the concept that LUS can be used to track 
the extent of fibroproliferative DAD in severe COVID-19.
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