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Abstract.

BACKGROUND: Coronavirus disease 2019 (COVID-19) can cause acute respiratory distress syndrome (ARDS).
OBJECTIVE: This single centre cross-section study aimed to grade the severity of pneumonia by bed-side lung ultrasound
(LUS).

METHODS: A scoring system discriminates 5 levels of lung opacities: A-lines (0 points),>3 B-line (1 point), coalescent
B-lines (2 points), marked pleural disruptions (3 points), consolidations (4 points). LUS (convex 1-5 MHz probe) was
performed at 6 defined regions for each hemithorax either in supine or prone position. A lung aeration score (LAS, maximum
4 points) was allocated for each patient by calculating the arithmetic mean of the examined lung areas. Score levels were
correlated with ventilation parameters and laboratory markers.

RESULTS: LAS of 20 patients with ARDS reached from 2.58 to 3.83 and was highest in the lateral right lobe (Mean 3.67).
Ferritin levels (Mean 1885 pg/l; r=0.467; p=0.051) showed moderate correlation in spearman roh calculation. PaCO, level
(Mean 46.75 mmHg; r=0.632; p=0.005) correlated significantly with LAS, while duration of ventilation, Horovitz index,
CRP, LDH and IL-6 did not.

CONCUSIONS: The proposed LAS describes severity of lung opacities in COVID-19 patients and correlates with CO,
retention in patients with ARDS.
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1. Introduction

Coronavirus disease 2019 (COVID-19) was described first in China in December 2019 and led to a
global pandemic now affecting most countries of the world. Mortality is driven by a severe pneumonia
which occurs in about 25 % of patients infected with the corona virus [1-3]. Mortality rate differs by
countries and infection rate is still raising in some countries. COVID-19 pneumonia shows character-
istic signs in computed tomography (CT) scan with pleura-near parenchymal infiltrations, described
as ground-glass opacities and patchy shadowing, with most prominent findings in patients after one
to three weeks after onset of disease [4]. CT scan turned out to be the gold standard for detection
of COVID-19 pneumonia in the initial phase of the pandemic [5]. The peripheral localisation of the
parenchymal involvement of COVID-19 pneumonia makes these abnormities accessible to lung ultra-
sound (LUS). However, data on specificity of LUS in COVID-19 is lacking, since the differentiation
of bacterial consolidations and COVID-19 inflammatory pulmonary changes may be difficult to detect
for LUS and central pulmonary changes can only be detected by CT. In addition, for central pulmonary
changes high resolution CT is superior, while for the detection of peripheral embolism CEUS could be
helpful [4-7]. On the one hand, diagnosis by bed-side point-of-care LUS minimizes the need of patient
transport and therefore might have less risk of contamination than CT scan. On the other hand, LUS
needs time to perform and special protection and cleaning procedures are necessary for the ultrasound
machines. Findings in LUS describe different grades, ranging from normal A-lines, to more than 3
single B-lines, confluent B-lines, pleural disruptions and consolidations with air bronchograms [8].

Aim of this pilot study was to implement a scoring system that quantifies lung alterations in ventilated
patients with ARDS caused by COVID-19 pneumonia and to correlate the grade of the score with
ventilation parameters and laboratory variables.

2. Material and methods

LUS is a very competent diagnostic tool for the detection and characterization of pulmonal changes,
especially in patients with acute respiratory distress syndrome (ARDS) [9].

Bed-side high resolution LUS was performed in 20 patients with COVID-19 pneumonia, who were
ventilated at intensive care units of the University hospital of Regensburg from 03/2020 to 06/2020.
Diagnosis of COVID-19 was verified by positive polymerase chain reaction of SARS-CoV-19 (EZ-1
Advanced XL extraction (Qiagen)) and CT scan with COVID-19-typical findings. All patients included
in this study were older than 18 years and required ventilation due to severe respiratory failure caused
by SARS-CoV-19.

2.1. Technical procedure

Bed-side LUS at the intensive care unit was performed by an experienced physician of the interdis-
ciplinary ultrasound centre of the university hospital of Regensburg. A hygienic concept, describing
how to handle the mobile ultrasound device was defined and approved by the hospitals hygienic staff.
Fundamental B-mode LUS was performed using a LOGIQ S8 device from General Electrics® (con-
vex 1-5 MHz array probe) at a bed side setting on intensive care units. The images were saved as
DICOM (digital imaging and communications in the medicine) files and were imported to the local
picture archiving and communication system (PACS, Siemens) for further evaluation. Pictograms were
retrospectively analysed on a workstation by one radiologist and one gastroenterologist and grade of
alteration was defined in consensus. Twelve-area-examination of the thorax was done, as fare as acces-
sible, by dividing the two lobes of the lung in 6 areas each, including the anterior parasternal upper area
(A up), the anterior parasternal lower area (A low), the para-axillary upper area (anterior lateral/AL up),
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Fig. 1. Areas examined by lung ultrasound. Twelve-area-examination with a convex 1-5 MHz array probe by bed side point-of-
care lung ultrasound. a) Right anterior hemithorax: A up = anterior parasternal upper area, A low = anterior parasternal lower
area, AL up = anterior lateral/para-axillary upper area, AL low = AL up = anterior lateral/para-axillary upper area, L up = lateral
upper area, L low =lateral lower area. b) Left anterior hemithorax: A up = anterior parasternal upper area, A low = anterior
parasternal lower area, AL up = anterior lateral/para-axillary upper area, AL up = anterior lateral/para-axillary upper area, L
up = lateral upper area, L low =lateral lower area. c) Left dorsal hemithorax: D up = dorsal posterior paravertebral upper area,
D low =dorsal posterior paravertebral lower area, DL up =dorsal lateral/dorsal para-axillary upper area, DL low =dorsal
lateral/dorsal para-axillary lower area, L up =lateral upper area, L low =lateral lower area. d) Right dorsal hemithorax: D
up = dorsal posterior paravertebral upper area, D low = dorsal posterior paravertebral lower area, DL up = dorsal lateral/dorsal
para-axillary upper area, DL low =dorsal lateral/dorsal para-axillary lower area, L up =lateral upper area, L low = lateral
lower area.

the para-axillary lower area (AL low) as well as the lateral upper area (L up) and the lateral lower area
(L low) in patients at supine position. In patients at prone position, lateral areas were defined as above.
The following dorsal areas were examined for the right and left lobe each: the dorsal posterior paraver-
tebral upper area (D up), the dorsal posterior paravertebral lower area (D low), the dorsal para-axillary
upper area (dorsal lateral/DL up) and the dorsal para-axillary lower area (DL low) (Fig. 1).

2.2. Lung aeriation score

LUS findings described by Huang et al. [10] and Peng et al. [11] discriminated different findings,
describing focal, multifocal and confluent B-lines, pleural line irregularity, and consolidations. We
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Fig. 2. Grading system of lung opacities used for the lung aeration score in patients with ARDS and COVID-19 pneumonia.
Shows findings of LUS in patients with COVID-19 pneumonia and corresponding HRCT scans. 5 levels of typical opacities
of the lung could be observed and were graded in a scoring system from minimum O points to maximum 4 points. a) Score
0: A-lines detected by ultrasound B-mode using a 1-5 MHz convex probe and corresponding HRCT scan (CT was done 3
days before LUS). b) Score 1: More than 2 (>3) single B-lines detected by ultrasound B-mode using a 1-5 MHz convex
probe and corresponding HRCT scan (CT was done 3 days before LUS). c) Score 2: Multiple, coalescent B-lines detected
by ultrasound B-mode using a 1-5 MHz convex probe and corresponding HRCT scan (CT was done 4 days before LUS).
d) Score 3: Marked pleural disruptions detected by ultrasound B-mode using a 1-5 MHz convex probe and corresponding
HRCT scan (CT was done at the same day as LUS). e) Score 4: Severe consolidations with air bronchogram sign detected by
ultrasound B-mode using a 1-5 MHz convex probe and corresponding HRCT scan (CT was done at the same day as LUS).

graded typical findings of COVID-19 in five levels: 0 points were given if A-lines were present,
1 point if there were more than 2 (>3) single B-lines, 2 points if there were waterfall B-lines or
coalescent B-lines, 3 points if there were marked pleural disruptions and 4 points if consolidations
with air bronchogram sign were apparent (Fig. 2). Assessment of a lung aeration score (LAS) was done
by calculating the arithmetic mean of the grades defined of all examined areas of the lung (maximum
12 areas). When LUS was performed we retrospectively graded each examined area of a patient’s lung
and gave 0 to 4 points for each area as shown in Fig. 2. The sum of all points was divided through the
number of examined areas. This calculation resulted in an arithmetic mean which was defined as the
patient’s LAS.

2.3. Clinical parameters

Demographics, ventilatory parameters, parameters of blood gas analysis and laboratory markers
were obtained from the local electronic database (SAP® and MetaVision®). Time interval between
LUS and ventilatory parameters and chemistries were at maximum 6 hours, 12 hours respectively.
The following parameters defining ventilation were obtained by results of blood gas analysis: PaCO,
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Table 1

Characteristics of patients with COVID-19 pneumonia who had lung ultrasound

Factor N=20 %
Male 15 83.3
Female 5 16.7
Mean age (years)* 59,5 (36-68)*

BMI 28.7 kg/m? (19.2-41.5)*

Time from first diagnosis of COVID-19 to examination (days) 15.5 (1-52)*

Supine position 13 72.2
Prone position 7 38.8
Parameters of intensive care

Pressure control ventilation 20 100
Diagnosis of ARDS 20 100
ECMO at timepoint of examination 5 25
Dialysis at timepoint of examination 7 35
*Median (range).

(mmHg), PaO, (mmHg), FiO, (%), Horovitz index (PaO,/FiO,) and oxygen saturation SO, (%)
Positive end-expiratory pressure (PEEP) was given by automatic transfer by the ventilation device to
the digital patient file (MetaVision®). C-reactive protein (CRP, mg/l) Lactate dehydrogenase (LDH,
U/, interleukin 6 (IL-6, pg/ml) and ferritin (jg/l) levels were obtained by the digital documentation
system SAP®).

2.4. Statistics

Statistical analyses were performed using Excel (Microsoft®, US) and SPSS (SPSS Statistics 25,
IBM®, USA). Spearman rho test was calculated, comparing the value of the assessed lung aeration score
with ventilation parameters and laboratory findings. A correlation coefficient r > 0,3 was considered
as a moderate correlation and r > 0,5 as a strong correlation. 7-Test was done to compare different
groups. A p value <0,05 was considered as significant. The study was conducted according to the
declaration of Helsinki and was approved by the local ethical commission board in cooperation with
the ethical board of the University of Tiibingen (Number: 432/2020BO). The manuscript was written in
accordance with the guidelines of Clinical Hemorheology and Microcirculation (Ethical guidelines for

publication in Clinical Hemorheology and Microcirculation: Update 2016, Clin Hemorheol Microcirc.
2016;63(1):1-2).

3. Results

Median body mass index (BMI) was 28.6 £ 5.58kg/m?, median time from first diagnosis of
COVID-19 to LUS assessment was 15 =+ 14.9 days. In seven patients, LUS was performed in prone
position, in 13 LUS was done in supine position. Patients were ventilated by pressure control.
Five patients were treated with veno-venous extracorporeal membrane oxygenation (vvECMO) and
seven patients required dialysis when LUS was performed. Patients characteristics are summarized in
Table 1.

Results of the LAS are shown in Table 2. A maximum of 12 defined areas were examined (Fig. 1)
and a grade ranging from 0 to 4 was classified as described at the section patients and methods (Fig. 2).
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Table 2

Lung aeration score in patients with COVID-19 pneumonia

a) Supine position/segment Lung
aeration score

Anterior left lobe Anterior right lobe Lateral left lobe Lateral right lobe Mean

Patient A A AL, AL A A AL AL L L L L
up low up low up low up low up low up low
P001 1 3 2 2 1 2 4 4 4 2 4 4 2.75
P004 3 3 2 3 3 0 3 2 2 3 4 3 2.58
P005 2 3 4 3 3 4 4 2 4 4 4 4 3.42
P006 4 4 4 2 4 4 3 4 4 4 4 2 3.58
P007 3 3 4 2 3 1 3 2.38*
P008 2 3 3 3 2 4 4 4 4 3.22
PO11 3 3 2 3 2 3 4 2 3 4 4 3.00
P0O13 4 3 4 3 4 3 4 3.57
P014 4 4 4 2 3 1 3 4 4 2.90
PO15 4 4 3 4 4 4 4 3 3.75
PO16 4 3 4 4 3.75*
PO17 3 4 4 4 4 3 2 4 35
PO18 4 4 4 4 4 4 3 2 4 4 3.82
Mean per area 3.08 3.45 3.13 3.14 3.08 3.08 3.09 3.17 3.29 333 3.67 3.56 3.42
b) Prone position/segment
Dorsal left lobe Dorsal right lobe Lateral left lobe Lateral right lobe Mean
Patient D, D DLs DL D D DL DL L L L L
up low up low up low up low up low up low

P002 4 2 2 3 2 2 4 3 4 4 4 3.09
P003 4 3 1 2 4 3 2 2 2 4 2.7
P009 3 4 4 4 4 4 3 4 4 4 4 4 3.83
PO10 4 2 4 4 4 2 3 2 4 3 32
PO12 4 4 2 4 3 2 3 3 4 4 33
PO19 32 2 3 1 4 3 3 2 4 2 4 2.75
P020 4 0 1 3 3 3 4 3 4 4 4 1 2.83
Mean per area 3.71 2.43 229 329 3.00 2.86 3.14 286 3.20 4.00 3.50 3.20 3.09

1: A=anterior area, 2: AL =anterior lateral area, 3: L=lateral area, 4: D =dorsal area, 5: DL =dorsal lateral area. Lung
opacities were graded from 0 to 4. Lung aeration score was assessed by building the arithmetic mean of all examined areas.
Results are shown for patients in supine position [a)] and patients in prone position [b)]. The mean of the grading for each
examined area (mean per area) is given for patients examined in supine position and patients examined in prone position.

LAS was determined by calculating the arithmetic mean of all grades defined for each patient. In 13
out of 20 patients, LUS was performed in supine position, in 7 patients while being settled in prone
position. Notably, in 55% of patients at least one out of twelve areas of the lung, which have been
intended to be examined, could not be examined. This was mostly true for the left lateral segment when
patients were placed in lateral-decubitus position. Two patients placed in supine position had multiple
band-aids, which were necessary due to pressure ulcers after being placed in prone position. In these
two patients (Pat 007 and Pat 0016) only one area of the anterior left segment could be examined. For
this reason, these two patients were excluded from statistical analysis. Median LAS was 3.21 (Range
2.58 —3.83); in patients in supine position median LAS was 3.42 (2.58 — 3.82), median LAS of patients
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in prone position was 3.09 (2.58 — 3.83). Comparing the grading of the examined lung segments by
arithmetic means showed highest levels in lateral lung segments. 7-Test, comparing patients in supine
and in prone position showed no significant difference (p =0.43).

To analyse the correlation of clinical and laboratory parameters with the levels of LAS Pearson
correlation was performed. LAS of each patient and ventilation parameters as well as laboratory
findings, which were included in this comparison are shown in Table 3.

We choose CRP, LDH, IL-6 and ferritin for laboratory findings, because these parameters are associ-
ated with bad prognosis of COVID-19 pneumonia [12, 13]. Median time of ventilation was 23.5 days.
This study was performed as cross section study. Some patients were transferred to the university
hospital of Regensburg to optimize ventilation or for ECMO treatment. These patients were already
ventilated for a longer period of time in cooperating hospitals before. This implicates a wide range of
days of ventilation at the timepoint when LUS was performed (1 — 52 day). 8 Patients were examined in
the first 10 days of ventilation (mean 4 days) and 10 patients after more than 10 days (mean 20.5 days).
5 patients were treated at ECMO when LUS was done. LAS was higher in the group of patients with
ventilation time of more than 10 days (median LAS 2.9 vs 3.4; p =0.016). Patients with or without need
of ECMO-treatment had no difference in LAS (p =0.49). Spearman roh correlation revealed moderate
correlation of LAS with paO2 levels (r=0.336; p=0.173) and ferritin levels (r=0.467; p=0.051),
however showing no significance. PaCO; level was the only parameter showing a strong significant
correlation to the LAS (r=0.632; p=0.005) in our cohort. Ventilation-time, Horovitz index, PEEP,
SO2 and values of CRP, LDH and IL-6 showed no correlation with LAS (Table 4). Patients with a
Horovitz index of < 150 mmHg did not show any difference in LAS compared to > 150 mmHg (7-Test,
p=0,495).

4. Discussion

Clinical outcome of patients with SARS-CoV-2 is often determined by pulmonary disease. Severe
ARDS is reported in up to 15 to 31 % of patients with pneumonia [14, 15]. However, also beyond
the massive aggression of the lung with severe pulmonary failure, as well as kidney and liver injuries,
heart, brain, bowel and spleen damages with lymph nodes necrosis and even cutaneous manifestations
have been observed [16]. Ultrasound diagnostic is a cost effective and world-wide accessible device
to assess pneumonia [17, 18]. Especially in the COVID-19 pandemic it is proposed as a bed-side tool
to minimize need for patient transport and therefore reduce exposure of medical staff and nosocomial
transmission [19]. Typical findings have been described during the onset of the pandemic and include
>3 single B-lines, confluent / coalescent B-Lines and consolidations [20].

In regards of the technique used to assess lung opacities by LAS, Soldati et al. anticipated a “stan-
dardization of the use of lung ultrasound for patients with COVID-19” in March 2020 and proposed
to examine three areas on the back two lateral areas and two ventral areas [21]. The authors conceded
that the posterior areas might be difficult to evaluate in supine position. However, as proposed by the
German association for intensive care medicine (DGIIN), LUS is especially recommended in severely
ill patients with ARDS [19]. In ventilated patients with ARDS it emerged in real life setting, that it is
often only possible to assess either the ventral and lateral or the dorsal and lateral areas of the lung
by point-of care bed side LUS, depending if the patient is placed in supine position or prone position.
Therefore, we decided to examine either 4 ventral and 4 dorsal areas plus 2 lateral areas at each side
of the thorax.

Before COVID-19 pandemic, the assessment of lung aeration by ultrasound has been used in patients
with ARDS and a scoring system to quantify the grade of lung involvement in ARDS has been set up for
these patients. Lung-collapse regions could be assessed by LUS in ARDS and influenced by alteration
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Table 4
Spearman rho correlation of lung aeriation score with parameters of ventilation
and laboratory findings
Factor n Mean (range) r-value p-value
Ventilation
Ventilation (days) 18 23.5(10-174) 0.122 0.629
paO2 (mmHg) 18 88.7 (64.4 -125) *0.336 0.173
paCO2 (mmHg) 18 46.75 (12 -74.3) **0.632 0.005
Horovitz index (paO2/Fi02) 18 197.5 (123 - 509) 0.106 0.674
Laboratory findings
CRP (mg/1) 18 180 (27.2 - 433) -0.135 0.594
LDH (UN) 18 375 (180 - 875) 0.016 0.951
IL-6 (pg/ml) 18 210.5 (23-2533) -0.299 0.36
Ferritin (pg/l) 18 1885 (615 -41174) *0.467 0.051

*Moderate correlation. **Strong correlation.

of PEEP and position of the patient [22, 23]. A scoring system was applied by Soummer et al. and Algieri
etal., which graded the severity of lung disease into four ultrasound findings describing normal A-lines,
non-coalescent (single) B-lines, coalescent B-lines and consolidations [24, 25]. Six predefined areas of
the lung were assessed by the grading system and a cumulative score showed significant correlation to
the CT scan and to the response to prone position [26]. In COVID-19 patients severely broken pleural
lines is an additionally specific finding as described by Soldati et al. and Denault et al. [21, 27]. Soldati
et al proposed 3 grades of severity in lung ultrasound in COVID-19 patients. A-lines giving O points,
indented pleural lines giving 1 point, severely broken pleural lines with consolidations giving 2 points
and a white lung with or without greater consolidations giving 3 points. However, this scoring system
did include 30 COVID-19 patients of which an unknown quantity of cases was non-ventilated patients
and the clinical condition of the patients was not correlated. However, our aim was to quantify lung
aeration in severely ill patients in the style of prescribed lung aeration scores in patients with ARDS.
For this reason, we decided to choose a scoring system according to the one proposed by Algieri et al.
and to complement this system by the COVID-19 specific finding of broken pleural lines. In aspect of
these findings we rated our scoring system, which describes an increase of lung opacities and assesses
COVID-19 specific peripheral alterations of the lung. Our grading by the proposed LAS, confirms a
CT scan analysis from Shi et al. [28], showing, that lower, lateral subpleural areas are more severely
affected by COVID-19 pneumonia. In our findings the highest level of 4 points was reached in the
lateral left lobe in patients which were settled in prone position. In supine position lateral areas had
highest LAS, these are the best accessible dorsal-near points in patients settled in this position. These
findings underline the accuracy of the proposed LAS.

ARDS in COVID-19 pneumonia isn’t fully understand yet, however there have been described some
differences compared to patients with non-COVID associated ARDS [29]. Berlin criteria defined ARDS
onset as maximum 7 days after a respiratory insult [30]. However, the onset of ARDS occurs 8 to 12
days after the initial diagnosis of a COVID-19-associated pneumonia [1, 31, 32]. This specific feature
of COVID-19 related ARDS is consistent with findings of LAS in our cohort, which was significantly
higher in patients who have been ventilated for more than 10 days.

CO; retention is associated with bad prognosis in patients with severe COVID-19 pneumonia and
need of ventilation or extracorporeal membrane oxygenation [33]. A possible explanation would be,
that in COVID-19 associated ARDS alveolar endothelial cells are more affected than endothelial cells,
causing a higher shunting of CO, rich blood [34]. Furthermore, alveolar capillary microthrombi could
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decrease CO, diffusion and increase dead air volume [35]. Interestingly in our study oxygenation
index showed no correlation with LAS and patients with a Horovitz index of <150 mmHg did neither
show any difference in LAS. Notably, CO, measured in blood gas analysis at the day when LUS was
performed, was the only ventilation associated parameter which showed significant correlation with
the level of the proposed LAS. These findings might be associated with the distinct pathogenesis of
ARDS in patients with COVID-19 pneumonia.

Biochemical parameters associated with poor outcome in COVID-19 pneumonia [9, 10] did not
show any significant correlation with the LAS. However, ferritin levels tended to correlate with LAS.
This observation suggests that the onset of inflammatory processes in COVID-19 pneumonia is not
necessarily associated with the grade of lung opacities.

Several limitations of the study should be noted. The number of patients included in this single-centre
cross-section study is limited. Ultrasound diagnostic was performed at different stages and phases of
patients with severe COVID-19 pneumonia. The bedside LUS examination for COVID-19 pneumonia
needs time to perform, experienced examiners and high-resolution probes, especially to detect the early
peripheral pulmonary changes. LUS is very useful for the follow up in severe cases. Cineloops were
only taken, if the examiner found frames not precise. Therefore, a prospective multicentre study with
a follow-up examination of the lung by ultrasound is needed, to verify the precision of the proposed
LAS and the correlation to clinical parameters and laboratory markers.

5. Conclusion

A lung aeration score, defining 4 grades of lung alterations in specified areas of the lung by bed side-
ultrasound could be a useful tool to monitor lung disease and function in patients with severe COVID-19
pneumonia. The proposed score shows significant correlation with CO, retention in patients with severe
ARDS. However, these findings were collected in a cross-section analysis and accuracy of the score
must be confirmed in a longitudinal prospective study.
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